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Natural aggregates are a low commodity, high value material. It plays a major role in creating, 
maintaining and enhancing the infrastructure in a society.   With this comes the responsibility 
to select the best possible aggregate based on the physical and chemical compositions. Even 
though Fiji has an extensive distribution of natural aggregates over a range of geologic 
settings, not all of them are readily accessible or available for use. A systematic investigation 
of different chemical and minor physical properties of natural aggregates was undertaken in 
this study. For the purpose of this study the term aggregates have been applied to deposits of 
bedrock or naturally occurring rocks.      
 
This thesis aims to characterise the mineralogical and chemical properties of rocks (natural 
aggregates) from various lithology. A total of 5 sites were investigated on Viti Levu, Fiji Islands. 
Seventeen different samples were collected from these sites which represented nine different 
lithology (trachyte basalt, basalt, basanite, andesite, monzonite, granite, syenite, limestone 
and sandstone). Their physical and structural features were determined in field and the 
predictive aggregate grade was determined based on weathering and strength of the rock 
units. The mineralogy and the chemical composition were determined using bulk 
geochemistry analysis using XRF and XRD techniques.  
 
The whole rock geochemistry distinguished the different rocks studied. A total of 17 rock 
samples from functional and prospective hard rock quarry sites were studied. These different 
rock types are from the volcanic, plutonic and sedimentary origin.  Out of the seventeen 
samples, eleven rock samples were characterised as a satisfactory aggregate grade based on 
the physical characteristics with four of these classified as a strong natural aggregate by means 
of rock strength parameters. The different feldspar and the pyroxene members were 
identified using the an-ab-or and wo-en-fs plots. The clay minerals were identified based on 
the XRD analysis. A total of eleven samples showed substantial amount of illite, kaolinite, 
chlorite and montmorillonite mineral content.  
 
The physical and structural data collected during this study categorises eleven rock samples 
as satisfactory aggregate grade based on the physical characteristics. In terms of strength, only 
four are classified as strong. The laboratory results provide in depth knowledge of the 
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mineralogical and chemical component. These data helps in categorising these rocks in terms 
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Chapter 1: Introduction 
 
This study comprises the systematic investigation of different chemical and minor physical 
properties of natural aggregates. Aggregates, as defined by Smith and Collis (1993), are 
particles of rock which, when brought together in a bound or unbound condition, form part 
or the whole of an engineering or building structure. They may be natural such as deposits of 
sand and gravel, manufactured as in the quarried rock and used naturally or recycled as 
demolition waste (Smith and Collis 1995). For the purpose of this study the term aggregates 
will be applied to deposits of bedrock or naturally occurring rocks in its granular state which 
has not undergone any crushing, washing or sizing process (Smith and Collis 1995; Langer and 
Tucker 2003).  
 
The study samples were collected from one of the largest islands, Viti Levu, in the Fiji 
archipelago. Fiji lies in a complex transform zone in the South Pacific Ocean with a prominent 
offset of the convergent boundaries between the Indo-Australian and Pacific tectonic plates 
and between two opposite facing subduction zones (Begg et al. 2002). The offset results in a 
comprehensive zone of diffuse spreading and the transform faulting, thus the divergence of 
an eat facing Tonga arc-trench system and a west facing Vanuatu arc-trench system by left 
lateral wrenching and the opening of the North Fiji Basin. 
 
This study consists of three different research approaches: field-based, petrological and 
geochemical. In the field, the colour, texture, grain size, discontinuities and joint status were 
determined for the overall rock unit. Preliminary assessment was done on the physical 
(weathering) and structural components units. The field-based rock classification was refined 
using petrography description in the laboratory. SEM-EDS analysis was conducted to 
determine the chemical composition of the samples. Semi-quantitative analysis using x-ray 
diffraction and bulk x-ray florescence analysis were employed to determine the clay 
composition and geochemistry of the samples. These processes helped in deciding the ways 





The verification of mineralogy and geochemistry relating to its appropriate use is an integral 
part of natural aggregate assessment. A desirable aggregate quality is a partly or completely 
a contradictory term as the suitability of an aggregate to a particular usage relates to its 
purpose and the position during a construction process. The structural, physical and 
mineralogical study forms the baseline study for aggregate assessment. But it is not only 
constraint to this as appropriate mechanical test conducted gives the final characteristics of 
the aggregates depending on the rock use type.       
 
 
1.1 Global Perspective 
 
Globally, the demand for natural aggregates has increased tremendously since the latter part 
of the 20th century.  According to an OECD Report 2013, the demand has increased by 8.7 Gt 
from 1980 to 2008 (Figure 1). The sudden increase in demand is linked to the population and 
level of industrial development of an area (OECD Report 2013; USGS Fact Sheet 1999). 
Management of infrastructure such as roads, streets and sewage systems require a large 
volume of natural aggregate (USGS Fact Sheet 1999). In the United States of America alone, 
about 2.74 billion tonnes of aggregate worth US$14.5 billion was produced during 2000 for 












According to Langer (2004), the worldwide issue when it comes to aggregate development is 
that some areas do not have sand and gravel whereas at other locations the source of crushed 
stone occurs at depths which makes it impractical to extract. In other areas the natural 
aggregates do not meet the quality requirements for use, or they may react adversely when 
used in application as concrete or asphalt. Societal aspects are also important, areas which 
have an abundant aggregate source may be hampered by conflicting land use issues, or citizen 
opposition which inhibits development and production of the resource.   
 
1.1.1 Local Perspective (Fijian) 
 
The field research was carried out in the Fiji Islands. The Fiji Islands have an active small-scale 
industrial minerals and aggregates industry. There are approximately 55 mobile gravel 
extraction sites and 17 well established quarries in the country (Quarries Database 2016). A 
total of 300,000 tonnes of gravel and sand and 50,000 tonnes of limestone was produced in 
2011 for infrastructure upgrade alone (Shi 2012).  
Figure 1. The construction mineral demand increasing to 80% between 1980 to 2008 for 
countries within OECD and BRIICS region. Sustainable Europe Research Institute’s (SERI) 
material flows database (available at materialflows.net) comprising 188 countries was 







Through quarry assessments by The Fiji Roads Authority (FRA) which is a government statutory 
body, the estimated rock demand for Fiji for 2016-2017 is estimated to 566,400 m3 for 
upgrading and maintenance of roads, jetties and coastal protection (Figure 2). This includes 
but is not limited to 1,727 km of sealed roads, 5,797 km of unsealed roads, 378 km of footpaths 
and 558 bridges. The bridge construction and maintenance is considered the largest single 





According to Langer et al. (2004), it is estimated that 229 tonnes of aggregate is needed for 
building a 2,000 square-foot two storey house, with a full, unfinished basement. The aggregate 
resource is monitored by the nation’s well-established regulatory and policies framework, 
specifically “Fiji Chapter 147: Quarries Act & Regulations” and “Fiji Chapter 189: Explosives Act 
& Regulations” Act. 
 
Even though Fiji has an extensive distribution of natural aggregates over a range of geologic 
settings, not all of it is readily accessible or available for use. The aggregates may be of low 
quality, inaccessible via road, or far away from the area of need. Infrastructure in developing 
nations such as Fiji requires quality aggregate for building roads, dams, and marine systems, 
filtering material in water systems, residential and commercial housing and other construction 
projects. The demand for life changing lifestyles which involves for better and bigger houses. 
Figure 2. The projected rock demand between 2016-2017 for a few of the major projects in 
Fiji is 566,400 m3 (Fiji Roads Authority/MWH 2016). 
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The maintenance of urban infrastructure requires huge amounts of aggregates (Langer et.al 
2004). To meet all these needs, quality aggregates are necessary.  
Moreover, aggregates mostly in its crushed form are used in agriculture as fertilizers and 
insecticides to enhance the growth of plants; manufacture pharmaceuticals for life-saving 
drugs; in the manufacture of glass, paper, plastics, floor coverings, rubber, leather, synthetic 
fabrics, glue, ink, crayons, shoe polish, cosmetics, food items such chewing gum, and 
toothpaste, and infinite items (Langer et.al 2004; Drew et al. 2002). This need creates a 
scientific challenge to establish criteria to assess the quality of aggregate.  
 
1.2 Scope of Thesis 
 
This thesis investigates volcanic, igneous and sedimentary rocks from the Fiji Islands. Rock 
samples were collected from two well developed quarry sites (sites 3 and 4), two natural 
aggregate resource extraction sites (sites 1 & 2) and 1 sample collected from a site which does 
not have a history of any natural aggregate extraction (Site 5). Natural aggregate resources 
removal has a long-term effect on the environment, and once used have a lasting effect 
related to the purpose of their use. A thorough understanding of the geological make-up of a 
lithology prior to any extraction is very important. Thus, the basis of any extraction involves 
the understanding of the rock forming minerals and its alteration products. 
Even though natural aggregate is a low value commodity, it is an important part of the 
construction industry which includes construction of roads, building material use and the 
production of concrete. Due to the rise in infrastructure demand, good quality natural 
aggregate has become increasingly difficult to locate (Knepper et al. 1995). The main source 
of aggregate is crushed stone, sand and gravel (Knepper et al. 1995). To help ensure that the 
aggregates satisfactorily meet some common engineering requirements, investigations such 
as detailed infield investigations, petrography study, SEM analysis, and durability tests are 
necessary. These tests form the baseline for the further investigation of the aggregates in 
relation to its various usage.  
 
Other important parameters include volume estimation, overburden thickness, 
transportation cost and environment related problems with the best remedial plans. Chemical 
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and physical characteristics of the natural aggregate resources help to determine the quality 
and the durability of the material and its desired use.  
According to the Mineral Resources Department Quarries Database 2016 (Fiji), there are 17 
established quarries and 55 mobile extraction sites in operation in the Fiji Islands. For the 
purpose of this study, a total of 17 different potential (or currently taken) aggregate samples 
were obtained from the western and southern parts of the Fiji Islands. The analysis of these 




The aim of this thesis is to investigate the following: 
 
o Undertake petrographic examination of the samples collected using optical 
microscopy. 
o Understand the chemical composition of major minerals using SEM-EDS. 
o Verify the mineralogy and geochemistry of the samples using X-ray diffraction and X-
ray fluorescence. 
o Relate the findings to suit the samples as an aggregate in terms of future infrastructure 
and manufacturing process.  
 
This project investigates the physical and chemical properties of rocks, in order to fill the 
knowledge gap between what materials are used for aggregate and what materials may be 
better suited to be used as aggregate. At present, the choice for aggregate materials has been 
mostly based on easy accessibility and abundance rather than on quality.  
 
This investigation will add to the available geoscience knowledge in Fiji. Learning about the 
chemical and physical quality of rocks (in relation to natural aggregates) will help minimise 
mishaps by ensuring access to suitable aggregates. Instead of making choices ad hoc, a 
standard methodology to characterise the various physical and chemical properties of these 
rocks has been established. This scientific knowledge together with other essential aggregate 
tests is essential in making an informed decision on the current and future natural aggregate 




1.4 Geography of the Study Area 
 
Fiji lies within a complex transform zone (Hathway 1993) in the South Pacific Ocean. It is made 
up of 332 volcanic island groups occupying an area of 18, 376 km2 in the South Pacific Ocean 
(Ram et al. 2019). Out of the total number of islands, 110 are inhabited, 222 are uninhabited 
with an additional 522 additional islets (Ram et al. 2019). The two largest islands, Viti Levu and 
Vanua Levu, occupy the largest landmass within the archipelago which falls 2000 km northeast 
of New Zealand and 3000 km east of Australia. Almost all the islands are marked by high 
mountainous peaks, up to 1,324 m in the western division.  
 
Viti Levu is the largest island in the Fiji group, and is the focus of this study. The island occupies 
an area of approximately 10,000 km2 with an estimated population of about 600,000 to 
800,000. This almost makes up 70% of the total population.  
 
1.5 Geological Setting 
 
The islands of Fiji are located on a prominent offset of the convergent boundary between the 
Indo-Australian and Pacific tectonic plates, between two opposite-facing subduction zones 
(Begg et al. 2002). This offset marks a comprehensive zone of diffuse spreading and transform 
faulting which accommodates a divergence of an east facing Tonga arc-trench system and a 
west facing Vanuatu arc-trench system by left lateral wrenching and the opening of the North 
Fiji Basin.  
 
It is characterised by a portion of the old Vityaz Arc which was split up and rotated anti-
clockwise to its current position. The remnants of the old Vityaz Arc are 40 to 28 million years 
old and are found only in the Western Viti Levu in the Yavuna Group rock sequence. During 
this period there was westward subduction of the Pacific Plate beneath the Indo-Australian 
Plate at the Vityaz Trench. Fiji has a complex tectonic history due to its location between the 




1.5.1 Tectonic History and Geology of Fiji 
 
The main island of the Fiji archipelago rose from shallow waters (Hathway 1993). The island 
lies within a complex transform boundary with convergence between the Indo-Australian and 
Pacific plates. This falls between two opposite facing active volcanic arcs, namely Vanuatu and 






The convergence between the two plates started in the Middle Eocene. Prior to this the 
convergence took place along a south-to-south west vector which swung to attain the present 
position of E-W vector (Hathway 1993).  
 
There was a northwest ward subduction of the Pacific Plate under the Indo-Australian plate 
which increased stress in the northern parts of the Vityaz Arc (Figure 4b) between 28 to 12 
million years ago. This period was associated with the formation of basins which produced 
volcaniclastic sediments interbedded with submarine lava flows and breccias of basalt and 
dacite and their metamorphosed equivalents such as spilite and keratophyre of the Wainimala 
Group of the lower Oligocene to Middle Miocene.  
 
Figure 3. Fiji is located between two opposite-facing subduction zones. This schematic 
cross-section shows the plate, ocean, island arc relationship in the southwest pacific area 
with present day volcanism in the Tonga and New Hebrides Arcs (modified from Hathway 
1993 and Reddy 1995). 
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The oldest rocks form part of the Yavuna Group which belongs to the Upper Eocene and Lower 
Oligocene period. It is comprised of tonalite bodies intruding the basic volcanic. These rocks 
are exposed in the southern Viti Levu, Yasawa and Mamanuca island groups (Colley et al. 
1984). This time period is also characterised by plutonic rock intrusion accompanied by weak 
faulting, folding and metamorphism. It is thought that the uplift 12 million years ago may have 
produced the first significant land masses of Fiji, mostly on Viti Levu (Begg et al. 2002; Reddy 
1995).  
 
From 12 to 7 million years ago the Vityaz Arc split, forming a transform boundary known as 
the Fiji Fracture Zone as subduction at the Vityaz Trench ceased. From 7 million years ago 
through to the present, the north eastward Indo-Australian Plate has been under the Pacific 
Plate. The subduction to the northeast, is rotating the Fiji Islands in an anti-clockwise direction, 
away from the Vityaz trench (Figure 4c). This formed the North Fiji Back-Arc Basin (Hathway 
1993). The Lau Basin emerged during volcanism and sea floor spreading.  
 
The Late Miocene and Early Pliocene saw the eruption of intermediate and basic high-K lavas 
of the shoshonite association. This forms part of the Koroimavua Volcanic Group in the later 
period which was associated with calc-alkaline volcanic rocks of the Ba Volcanic Group. The 
latter forms the northern half of Viti Levu. At present there is active seafloor spreading in the 




Figure 4. Tectonic reconstruction of Fiji and the northwest Pacific region. (a) Location of the 
Vityaz Arc system with its possible orientation. Westward subduction of the Pacific Plate 
under the Indo-Australian Plate. (b) The breakup of the Vityaz arc system. Reversed 
subduction occurred; north-westward subduction of Indo-Australian Plate under the Pacific 
Plate, with Fiji rotating anti-clockwise away from the Vityaz Arc (c) Shows Lau-Tonga Arc 
split which led to seafloor spreading forming Lau Basin (modified from Hathway 1993 and 
Reddy 1995). 
 
According to Hathway (1993), the second largest island (Vanua Levu) in the Fiji Group was built 
in the Late Miocene and Pliocene, due to the coalescing tholeiitic to calc alkaline volcanoes. 
Around 3 million years ago, the shoshonitic volcanism ceased and the alkali basalts in the 
western part of Vanua Levu followed. 
 
The present position of Fiji is the result of the splitting up of the Vityaz Arc and the anti-
clockwise rotation of the islands within the group. The Fiji Fracture zone to the north and the 
Hunter fracture zone to the south are the two principal transform faults. They are the result 
of the opposing plate movements. The Lau Basin to the east and the North Fiji Basin to the 
west of Fiji are examples of marginal basins. The group of islands in Fiji no longer have any 





1.6 Topography and Climate 
 
The archipelago falls within the tropical rain forest climatic zone with two main seasons, dry 
and wet (Houtz 1960). It is located close to the Tropics of Capricorn; thus, Fiji experiences a 
tropical maritime climate with narrow temperature extremes  
(Fiji Meteorological Service 2006). The dry season is from May to October while the rainy 
season lasts from November to April. The average temperatures change by only about 2°C to 
4 °C between the coolest months (July and August) and the warmest months (January and 
February). The average night air temperatures can be as low as 18°C to 20°C and the average 
day temperatures can be as high as 30°C to 32°C around the coastal areas.  
 
The annual rainfall ranges from 2000 mm to 3000 mm, reaching as high as 6000 mm in the 
mountainous areas (Fiji Meteorological Service 2006). Prolonged dry spells also dominate the 
region. The year 2016 (latest data) saw an average minimum temperature of 26°C and 
maximum temperature of 30°C with 2380 mm of rainfall (Fiji Annual Climate Summary 2016). 
According to Mataki et al. (2006), the rainfall in Fiji is mainly orographic. This is due to the 
northeast-southwest orientation of the mountains in the central Viti Levu and the southeast-
prevailing winds (Terry 2018). These prevailing winds tend to bring in clouds that lead to 
precipitation on the windward side of high landmasses. 
 
The rock sampling for this study was obtained from central and western parts of Fiji. The 
central division lies on the windward (wet) side that receives the highest amount of rainfall 
with a thicker and lush vegetation while, uneven rainfall is observed in the western division 
with extended dry spells promoting grassland and sugarcane plantations.  
 
1.7 Geology and Location of the Study Area 
 
The dominant rock types that were sampled are from the Koroimavua Volcanic Group, Savura 
Volcanics, Wainimala Group and Mendrausuthu Group. Figure 4 shows the general geology of 
Viti Levu. The age range of these group is from Eocene to Pliocene whilst the age of the 
lithology of interest is uncertain for some of the samples obtained. A total of 7 (trachyte basalt, 
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basalt, andesite, monzonite, syenite and sandstone) different lithologies were studied from 
site 1 to site 5 (Figure 5). The chemical and physical compositions allowed a better 
discrimination of these rocks. 
 
Figure 5. Geologic map of Viti Levu - Fiji, showing the major rock types with the sample site 
locations (Modified from Geological Survey Department-Fiji 1964).  
 
1.7.1 Site 1 
 
Sampling of the volcanic rocks were done in the western part of Fiji, in the Navilawa area. It is 
located approximately 23 km northeast of Nadi in the Sabeto Valley.  It is accessible via a partly 
sealed road which is known as Navilawa. The Navilawa road leads to the Tuvatu Mining site 
hosting moderately weathered outcrops. The Tuvatu area is underlain by rocks from the 
Koroimavua Volcanic Group of latest Miocene to earliest Pliocene age (Bartholomew 1960). 
The area falls within the geological 1:50 000-scale Viti Levu map sheet 10 mapped by 
Bartholomew (1960). The terrain is rough with an abundance of high peaks and elevations 
reaching 120-660 meters. 
 
1.7.2 Site 2 
 
The samples of igneous origin were obtained from the Nasinu Quarry site which is operated 
by the Standard Concrete Industries Limited within the Suva-Nausori corridor. The quarry site 
lies 11 km southeast of Suva City, the capital of Fiji. The site is accessible via the Kings’ highway 
and vehicle tracks within the quarry site. The basalt units are very fresh to moderately 
weathered with lenses of agglomerates occurring within the moderately rough terrain. The 
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outcrops attain a height of approximately 30-50 metres at most. Because the area falls on the 
windward side, it has the highest amount of rainfall and is wet almost all year round (Mataki 
et al. 2006).  
 
The basalt is part of the Savura Volcanic and falls within the Nasinu Formation of the lower 
Miocene period which is part of Suva series lithology. This formation is the thinnest in the Suva 
area and there are outcrops only in two or three places which cover a surface area of 3 to 5 
km. Little is known of the origin of the rock, with controversy concerning the actual nature of 
the material (Ibbotson 1960). The area falls within the quarter degree geological 1:50 000-
scale Viti Levu map sheet 20 mapped by Ibbotson (1960). An effort was made to collect 
samples outside of the quarry site without veins as most of the site with good exposures falls 
within the quarry site boundary.  
 
1.7.3 Site 3 
 
The Wailotua Quarry site was visited to obtain representative sedimentary samples.  This site 
is also operated by the Standard Concrete Industries Limited. The site is located at Wailotua 
Village No. 1 in Tailevu. It is approximately 15 km northwest of Korovou Town and falls in the 
northeast part of Viti Levu that has moderate to high rainfall. The area is accessible via the 
main King’s highway and through village tracks. The terrain comprises gentle to moderate 
ridgelines with an east-west trend (Hirst 1965). The area is generally covered with reeds, 
shrubs and grassland. The edge of the quarry site is covered with sustainable farmland with 
one portion leading to a water-filled cave-like structure. The dominant high ridgelines 
resulting from the extensively cut creek valleys are covered by poorly drained thin forest 
cover. Wainimbuka River, Waimacamacato creek and two unnamed creeks run adjacent to 
the study site.  
 
The limestones form part of the Wainimbuka Trachyte which is the subdivision of the 
Wainimala Group. The age of this formation is from Eocene-Miocene. The rocks of the 
Wainimala group attains a height of approximately 4500 m (Hirst 1965). An abundance of 
solution cavities is noted in the limestone unit trending along the jointing. Geological 1:50 
14 
 
000-scale Viti Levu map sheet 13 mapped by Hirst (1960) gives further details of the limestone, 
the cave structures and the adjacent lithology. 
 
1.7.4 Site 4 
 
Site 4 occurs in the vicinity of site 1 and hosts volcanic igneous rocks. The rocks forms part of 
the Koroimavua Volcanic Group of latest Miocene to earliest Pliocene age (Bartholomew 
1960). The area falls within Navilawa, and hosts an uneven terrain with high mountainous 
peaks. Geological 1:50 000-scale Viti Levu map sheet 10 mapped by Bartholomew (1960) 
represents this area and its geology. 
 
The area is accessible via the main King’s highway and through village tracks. The terrain 
comprises of gentle to moderate ridgeline with an east-west trend (Hirst 1965). The area is 
generally covered with reeds, shrubs and grassland. The edge of the quarry site is covered 
with sustainable farmland with one portion leading to a water-filled cave-like structure. The 
dominant high ridgelines resulting from the extensively cut creek valleys are covered by poorly 
drained thin forest cover. Wainimbuka River, Waimacamacato creek and two unnamed creeks 
run adjacent to the study site.  
 
1.7.5 Site 5 
 
More sedimenatry samples were randomly collected from Nakula area which forms part of 
the southern portion of Viti Levu. The area is accessible via Queens Highway and various 
feeder roads. It is located approximately 1.5 km northwest of Lami township. The site is 
characterised by low topography, mostly with grassland whilst the ridgeline hosts thinly dense 
forest. It falls within the windward side with an abundance of rainfall and high precipitation.  
 
The area is underlined with rocks from the Mendrausuthu Group of the Suva marl formation. 
The Mendrasuthu Group stands at approximately 900 m in height and occupies the Upper 
Tertiary of the Miocene-Pliocene age (Band 1968). The formation is known to host very few 
outcrops namely marl, sandstone and mudstone all of which eventually grades into a 
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formation known as Veisari sandstone (Band 1968). The area falls within the geological 1:50 
000-scale Viti Levu map sheet 19 mapped by Band (1965).  
 
1.8 Access to Study Area 
 
1.8.1 Site 1 & 4 
 
The Navilawa site (site 1 & site 4) in the western division were easily accessed via a network 
of roads linking the sugar cane farming areas and the pastoral tracks. This was done on the 
dry days in February 2018. The region lies on the dry side of the Fiji Islands with uneven rainfall 
over the whole area. A tropical rainforest and freshwater springs run through the site. The site 
at that time had hard rock extraction in process.  
 
1.8.2 Site 2 
 
Site 2 was accessed in January 2018 via the main Kings Highway in the southern division. This 
site has an existing quarry and the samples were obtained from within the quarry boundary. 
The far outer edge of the site has low-lying grassland and residential housing plots.  
 
1.8.3 Site 3 
 
Samples from site 3 were collected in May 2018, and it is accessible via the Kings Highway. 
The site can be classified as wet with abundance of low-lying trees surrounding the area. The 
ground was wet in most places due to the water seepage through cracks in the lithology and 
the presence of a freshwater spring.  
 
1.8.4 Site 5 
 
Site 5 was accessed via feeder roads in April 2018. The southern division falls on the windward 
side and is prone to high level of rainfall throughout the year with major precipitation. The 




Chapter 2: Literature Review 
 
The topics discussed below form an important part prior and post to the aggregate extraction 
process.  
 
2.1 Volume Estimation 
 
Because aggregate potential is based on overburden thickness and rock type, it is critical to 
assess the potential area thoroughly. The most common technique deployed for aggregate 
volume estimation is the general knowledge of the deposits as revealed during surface 
exposure, road cuts, water wells and surface excavation (Rowe 1993). Subsequent to aerial 
photograph interpretation, potential sites are examined using techniques such as 
aeromagnetic data, geographic information system and 3-D modelling (Rowe 1993; 
Blachowski 2014; Hill et al. 2018). This information should be integrated into a 3-D inversion 
model in order to estimate the resource volume, spatial distribution and chronological 
changes of the available reserves in comparison to the, demand and production of the 
resource. The magnitude and distribution of road transport and future use of the undeveloped 
resource can also be verified.  
 
For volcanic rocks such as basalt, magnetic anomalies obtained using airborne geophysical 
survey together with surface geology and drilling could quantify the possible form and volume 
of the material present below the surface (Hill et al. 2018). This method makes 3D resource 
map modelling possible which could be used in aggregate exploration and regional planning. 
In addition, the quality and composition of the material, overburden thickness, and depth to 
water table can be verified through onsite drilling or excavation works.  
 
2.2 Overburden Thickness 
 
Overburden is any material that lies above an area intended for economical exploitation and 
is often removed. The overburden removal and disposal activities usually take place 
simultaneously at a quarry site. It can be soil or soft or hard rock. The factors that affect the 
overburden removal and disposal in quarry pits are geological, geotechnical, environmental 
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and logistical (Oggeri et al. 2019). The management of the overburden is critically important 
while trying to identify a possible aggregate site for open pit mining and site rehabilitation. 
The thicker the overburden the less economical the rock mining becomes. Methods for 
handling the material can be based on volume, on the distance from excavation to discharge 
points (or the stockpile point) and on the consistency of the materials. 
 
The economic cost of removing the overburden is a function of the value of the aggregate to 
be exposed and may depend on whether the aggregate deposit contains other precious 
minerals (Rowe 1993). In contrast the soil overburden can be stockpiled and used as 
reclamation of the aggregate sites (mostly organic soil) or sold for landscape uses. The washing 
of the aggregates produces fine grained material which could also be used in agricultural and 
industrial activities (Drew et al. 2002). 
 
Some of the factors that affect the site reclamation post excavation include slope stability, 
transportation, dumping issues (if the overburden material is not being used for reclamation 
of the quarry pit) and interactions with groundwater. The geometry of the slope can be 
measured using a laser scanner.  
 
2.3 Aggregate Deposits, Source and Rock Type 
 
Even though natural aggregates are widespread in occurrence, they are not universally 
available for use (Langer et al. 2004; Smith and Collis 1993). Their availability depends on the 
depth at which they occur and their physical and chemical suitability. Ultimately it is up to 
decide whether to obtain locally or to source it from a distance. 
 
When an aggregate supply is required, geological investigations are undertaken to determine 
the location, distribution, and nature of the potential aggregate sources in the area (Langer et 
al. 2004). During geological mapping the physical and chemical properties of rocks can be 
identified. When assessing a potential natural or artificial (breaking up rocks into smaller 
pieces) aggregate source, one of the major factors in obtaining optimum utilization is the 
recognition that quality when used as a term in respect of aggregates is relative to how the 
material will be used. For example, there is no high-quality road stone until one has identified 




One of the major physical properties that affects the aggregate quality includes rock jointing 
and its prominent features such as spacing, orientation, width and infill (Moon 1983). Other 
factors include degree of weathering, alteration, porosity and permeability followed by 
rounding and fragmentation of rocks (Smith and Collis 1993, Cox and Nibourel 2015). 
Furthermore, the petrographic characteristics of a potential aggregate rock, including 
mineralogy, texture and clay content, also play a major role in determining the rock quality 
(Smith and Collis 1993 &1995). Note that these are under different scales (outcrop to small 
size in thin sections). 
 
According to Smith and Collis (1995), an excellent source of crushed stone is obtained from 
igneous rocks with exceptions of tuff and certain lavas which are very porous due to gas 
inclusion. Langer and Kepper (1995) have proven that rocks with high porosity and siliceous 
texture often undergo chemical reactions during construction. In Fiji, around 50% of the 
crushed stone and aggregate come from the basalt and andesite outcrops (Ministry of Lands 
and Mineral Resources of Fiji-Quarries database 2016). Sedimentary and metamorphic rocks 
can also be used as aggregate source but, only after undergoing extensive chemical and 
physical analysis to determine their suitability and quality.  
 
According to Mesida (1986), infrastructure failures in Nigeria were related to the presence of 
laminations and mica minerals in aggregates. This highlights the necessity of a full physical-
chemical analysis prior to selecting a site for rock excavation and quarry development. The 
quality of aggregate is significantly affected by a range of rock properties which determine 
how easily the rock can be physically disaggregated or chemically altered.  Some of these 
properties can be measured in the field whereas others are more suitably performed on 
samples that have been returned to the lab. These are discussed below. 
 
2.4 Physical Properties 
 
There is a range of physical properties that affect the quality of an aggregate. These include 
but are not limited to fracturing and jointing, porosity and permeability, weathering and 




2.4.1 Estimated Degree of Fracturing and Jointing 
 
A common physical property that may affect any rock type is fracture and jointing which 
therefore requires an in-depth assessment. Joint developments allow intrusion-related 
alteration to form which weakens rock mass strength (Mordensky 2018). 
 
Langer et al. (1995) states that the greater the extent of jointing (whether open or openable) 
is, the lower the aggregate quality. Prominent features associated with rock jointing are 
spacing, orientation, width and possible infills (Moon 1983). Some coarse-grained igneous 
rocks have fractures and cleavage that can result in low crushing strength and are therefore 
considered unsuitable as aggregate material. Lava flows with high flow-banding, strong joints, 
vesicles or brecciation are also considered unsuitable (Langer and Kepper 1995). For this 
reason, pyroclastic materials such as ash and tuff are unsuitable aggregates unless they 
become indurated by heat or compacted and cemented during burial.    
 
2.4.2 Porosity and Permeability 
 
Rock porosity and permeability are additional factors that affect the suitability of rocks as 
aggregate, especially in the sedimentary group. The rock permeability is linked to rock porosity 
but it depends on the shapes and size of the pores and their connectivity. 
 
Rock porosity is the fraction of void space in rock. Factors that affect rock porosity are rock 
type and the grain arrangement.  For instance, crystalline rocks such as granite tend to have a 
very low porosity (<1%) as the only pore spaces are the tiny, long, thin cracks amid the 
individual mineral grains. According to Mielenz (1961), igneous rocks are less likely to be 
affected by the porosity and permeability factor due to slow and complete crystallization of 
magma. However, localized groundwater interaction may occur in the vicinity of intrusive 
igneous rocks. Some of the factors determining the porosity level of the igneous rock are 
jointing, fracture and vesicles, as discussed above.  
 
Sandstone typically has much higher porosities (10–35%) because the individual sand or 
mineral grains do not fit together closely, allowing larger pore spaces. The porosity of 
sedimentary rocks is affected by the size, shape and compactness of the rock particles. The 
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infills between the pores in sedimentary rocks further determines the strength of the rocks. A 
rock with low porosity is also likely to have low permeability whereas permeability for high 
porosity rocks is determined by factors such as pore size and compaction. Clay is an example 
of a high porosity and low permeability sediment (Neuzil 1994). 
 
Permeability is a very significant property of porous media as it controls the flow of fluid 
through them. Rock pressure or shear stress, elasticity, porosity and fluid pressure are directly 
related to each other and have a major effect on the rock permeability. According to Alam et 
al. (2014), the rock permeability decreases monotonically when moderate pressure is applied, 
mainly due to pore collapse. An increase in permeability follows under larger pressures mostly 
due to the formation rupture planes under high stress.  
 
Li et al. (2018), in an experimental study, discuss the relationship between elasticity and 
permeability. The paper states that the experimental rocks were restricted to limited pressure 
which allows the rocks to be in an elastic state. Beyond this, the rocks exhibit a change, from 
a shrinkage deformation to a dilatant behaviour, as well as a transition from permeability 
reduction to permeability increment, as a result of increased pore connectivity due to the 
distributed micro cracking (Alam et al. 2014; Li et al. 2018).  
 
2.4.3 Weathering and Alteration 
 
The topographical and climatic location of potential aggregates play a major role in their 
weathering. Weathering consists of two processes, mechanical and chemical weathering. 
Mechanical weathering is related to the breakdown of rocks without any mineralogical or 
chemical change whereas weathering removes lesser stable minerals, leading to the 
development of secondary minerals (Fookes 1980; Fookes at al. 1988).   
 
(a) Mechanical Weathering 
 
 Mechanical weathering is the breaking of rocks into smaller pieces. Examples of mechanical 
weathering is the repeated freezing and thawing of water inside the rocks which causes 
expansion within the rock (Fraser 1959). Ultimately the development of cracks from inside 
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breaks the rocks apart. This form of weathering is mostly applicable to much colder countries 
when compared to the study area (Fiji Islands).  Salt weathering is another form of mechanical 
weathering prone to rocks in coastal areas. This weathering process causes corrosion through 
salt-wedging and/or heat-moisture expansion processes inducing chemical dissolution of 
certain minerals as a result of splash-zone wetting and drying (Butler 1986).  
 
(b) Chemical Weathering 
 
Igneous and metamorphic rocks are most vulnerable to mineral changes at or near Earth’s 
surface (Fookes et al. 1988), whereas sedimentary rocks such as limestone and sandstone are 
vulnerable to dissolution and frost wedging (Fookes et al. 1988; Smith and Collis 1995). 
According to Smith and Collis (1995) chemical weathering plays a much greater role in wet 
tropical or hot desert conditions. For instance, the igneous and metamorphic rocks may 
become weakened in wet tropical regions much faster when compared to the temperate 
regions, leading to faster in situ deterioration (Fookes et al. 1988).  
 
Each mineral in the rock has a distinct chemical composition and has a different rate of 
chemical weathering. The most stable minerals at Earth’s surface are ferric oxides and 
hydroxides, aluminium oxides and hydroxides, quartz, clay minerals, muscovite, potassium 
feldspar, biotite, and sodium feldspar (albite-rich plagioclase). On the other hand, pyroxenes, 
calcium feldspar (anorthite-rich plagioclase), olivine and calcite are commonly the least stable 
minerals. According to Tarbuck and Lutgens (2012) the most stable minerals are least 
susceptible to chemical weathering while the least stable ones are more vulnerable.  
 
2.4.4 Rounding and Fragmentation  
 
Other factors associated with aggregate durability are rounding and fragmentation of rocks 
(Smith and Collis 1993, Cox and Nibourel 2015). The flakiness index is used to quantify the 
strength of a particular rock type (Smith and Collis 1995). According to Bengtsson (2006) 
flakiness index refers to the percentage of flaky particles in a rock. The more rounded the 
particles are in a rock, the more stable it is and thus a better aggregate it makes. The flatter 
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particles are prone to weathering and deterioration due to exposure of a higher surface area 
to the environment (Smith and Collis 1995). 
 
2.4.5 Chemical Properties 
 
Chemical weathering involves disintegration of rocks in reaction with water or any acidic 
compound present in water. Rainwater is made acidic in nature most commonly by the 
reaction between water and carbon dioxide gas present in the atmosphere (Pepper 2019). The 




The following are the different types of chemical weathering reactions:  
 
Example 2: 
o Hydrolysis: H+ or OH- replaces an ion in the mineral.  
 
 
o Leaching: ions are removed by dissolution into water.   
 
o Oxidation - Since free oxygen (O2) is more common near the Earth's surface, it may 
react with minerals to change the oxidation state of an ion.  This is more common in 
Fe (iron) bearing minerals, since Fe can have several oxidation states, Fe, Fe+2, 
Fe+3.  Deep in the Earth the most common oxidation state of Fe is Fe+2. 
 
Example 3:  
  
    






   
o Complete Dissolution - all of the mineral is completely dissolved by the water.  
 




The geochemistry and mineralogy of the rock play a major role in determining the rock quality 
and durability (Smith and Collis, 1993 and 1995). The rock hardness and strength are 
dependent on the individual mineral constituents and their interlocking style. Petrographic 
study as stated by Mielenz (1961) indicates the properties to be expected in a rock and 
chemical composition of the mineral is used to determine the mineral composition.  
 
Except for quartz, almost all significant rock forming silicates have some extent of solid 
solution, and their weathering rates depend on their composition and may be influenced by 
chemical zoning. Generally, mineral alteration occurs during rock cooling when it comes in 
contact with water, for example saturation, chloritisation, kaolinisation, and serpentinisation 
(Franke 2009). Silicate weathering is mostly an irreversible process. Many laboratory-based 
experiments on weathering and dissolution rates of silicate minerals have been undertaken 
(e.g., Crundwell 2014; Franke 2009; and White and Brantley 1995). The results from a study 
by Franke (2009), using building rocks to determine dissolution rates of the common silicate 




Table 1  Dissolution rates of the most important rock-forming minerals. Alkali feldspar = 
more than Or70; Na plagioclase = more thanAb50; medium plagioclase = An50-An65; Ca 
plagioclase = more than An65 (Source: Franke 2009). 
 
 
The presence of altered and secondary minerals in aggregates of igneous rocks have been an 
issue for engineers. According to Fookes (1991), the two most common reason for 
construction failures is the use of igneous rocks of mafic origin and the presence of secondary 
minerals due to alteration or weathering. Reports presented by various authors show that 
failures occur more rapidly in the presence of secondary minerals over a range of climate 
regimes (Fookes 1991). Examples include road deterioration in the USA, New Zealand, 
Australia, South Africa and England. In all these cases the secondary minerals expanded due 
to moist conditions, leading to degradation of road in less than a year (Fookes 1988).   
 
Independent of the conditions of formation, clay minerals assist in rock strength deterioration 
(Kuhnel and Gaast 1989). In comparison to other rocks, basalts usually have low water 
absorption rates, but they may still be affected by cyclic wetting and drying conditions. Low 
durability in basalts is directly related to the alteration products of olivine and plagioclase.  
The major types of olivine alteration products are swelling clay (smectite-group minerals), 
chlorite, and serpentine. In rare cases alteration of clinopyroxenes and glass negatively impact 
rock durability (Haskins and Bell 1995).  
 
A secondary mineral rating system shows that calcite minerals when present in aggregate 
cause the least damage in comparison to smectite (montmorillonite). Haskins and Bell (1995) 
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present many other examples of impacts on construction especially rip-rap (rock foundation 
placed along coastlines to mitigate coastal erosion) and road failures occurring due to the 
presence of secondary minerals in basalts. These studies demonstrate that it is incorrect to 
assume that all igneous rocks provide good quality aggregate.  
 
Sedimentary rocks formed through consolidation of loose chemical, biochemical, or 
mechanical processes can be considered as a good rock source depending on their chemical 
and physical characteristics (Smith and Collis 1993). For example, hard, dense limestone and 
dolomite make a good source of crushed stone, too soft and absorptive, or may contain too 
much poor-quality material to yield a high-quality aggregate. Chert or flint is a tough fine-
grained sedimentary rock made of quartz.  
 
Igneous rocks also have the potential of chemical reactivity when used as aggregate in 
concrete. Metamorphic rocks which form under intense heat and pressure within the Earth in 
some cases may be used as aggregate as they can be hard, tough, and dense. Such rocks 
include marble and quartzite.  
 
2.6 Mineral Properties 
 
A desirable quality of aggregate is a partially or a completely conflicting term. According to 
Lees (1975), the suitability of an aggregate to a particular usage relates to its function and 
position during a construction process. For example, if a hard mineral such (e.g., quartz, flint 
and chert) is brittle, its high resistance to abrasion may be accompanied by low resistance to 
crushing or impact. Additionally, these silica minerals, while highly abrasion resistant, are also 
known to have poor adhesion to bituminous binders in the presence of water when prepared 
for construction purpose (Lees 1975).  
 
Particle shape is another desirable property which used in different terms can be confusing. 
For example, a highly rounded particle would have the best anti-stripping (are agents with 
chemical compounds which breaks bonds between aggregate surfaces) tendencies while 
being inferior to angular particles in terms of shearing resistance (Mathews 1958). When 
considering road stone, abrasion resistance is generally considered a desirable quality as it is 
associated with road durability resulting in a polished and slippery surface. Thus, it requires 
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hard minerals which would wear out in a uniform fashion. A rock with contrasting hardness 
such as gritstone (coarse grained sandstone which is hard) will wear out at a faster rate but 
would provide a better face for the vehicle tyres.  
 
Minerals and rocks forms under conditions present with the deep earth and once they arrive 
near surface due to uplift or erosion, they encounter conditions very different from those 
under which they originally formed. The conditions include lower temperature (-20 to 50oC), 
lower pressure, free water and free oxygen, the latter two being present in abundance. The 
differing conditions and the reaction with environment produce new minerals that are stable 
near the surface with the given four conditions.  
 
List of minerals in order of most stable to least stable is:  
 









-Olivine (least stable) 
 
Apart from clay, the rest of the igneous minerals crystallize from a liquid.  The higher the 
temperature of crystallization below the earth’s surface, the less stable are the minerals at 
low temperature or near the earth’s surface. 
 
Thus, petrographic analysis of mineral relating to its appropriate use becomes an integral part 
of aggregate assessment. The breakdown of minerals varies in complexity. Discussed below 
are a few minerals with possible host rock types and a few of their characteristics post 




2.6.1 Feldspar (Alkali Feldspar and Ca-rich plagioclase) 
 
One of the common constituents of Earth’s crust is feldspar. Rocks CAN contain two types of 
feldspar: plagioclase feldspar, which is a solid solution of anorthite (An, CaAl2Si2O8) and albite 
(Ab, NaAlSi3O8), and alkali feldspar, consisting mainly of orthoclase (Or, KAlSi3O8) and albite. 
The proportions of these in different rock types varies (Elkins and Grove, 1990).  The chemical 
weathering of feldspars results in the formation of clay minerals such as illite and kaolinite. 
Illitisation is a process that occurs when K-feldspar alteration supplies K+ ion forming the 
mineral illite. Below (Figure 6) is a diagram showing the composition of a natural feldspar. 
 
 
Figure 6. Natural feldspar composition (Adapted from Nelson 2011) 
 
 
According to Yuan et al. (2019), a range of mechanisms have been proposed to be responsible 
for the dissolution of feldspars. This includes surface reaction-controlled dissolution 
mechanism, the preferential leaching-diffusion controlled mechanism, and the diffusion-
precipitation controlled dissolution mechanism and the interfacial dissolution-re precipitation 
mechanism. The crystal structure, Al/Si ordering, temperature, pH, surface area, organic acids, 
chemical affinity, and precipitation of secondary minerals affects the feldspar dissolution rate. 
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Pyroxenes together with feldspars form the major minerals in the mafic igneous rocks' basalt 
and gabbro. They are inosilicate minerals and the structure comprises a large family of 
minerals and synthetic materials with general formula XYZ2O6 (X = alkaline, alkaline earth or 
divalent transitional metal cations such as Na+, Li+, Ca2+, Mg2+, Fe2+, Mn2+; Y = Mg2+, Al3+, 
trivalent transition or other metal cations such as In, Sc and Ga; Z = Si4+, Ge4+, Al3+, Fe3+) 
(Ferdov 2019). Pyroxenes that crystallize in the monoclinic system are known as 





Olivine is the first or early crystallising phase from basalts of quite different composition, as 
observed in nature and as determined by experimental studies (Roeder 1970). Many 
ultramafic and mafic igneous rocks have olivine. It shows different reactions when altered 
under oxidizing conditions.  In terms of Mg/Fe ratio, a decrease is noted in more evolved 
gabbro and basalts, while in metamorphic rocks, Mg-rich forsterite and iron-rich fayalite occur 
during progressive metamorphism of serpentine (Deer et al. 2013).  A study on olivine shows 
that high temperature oxidation of basaltic olivine results in either exsolution of hematite 
associated with a more forsterite olivine, or formation of symplectic intergrowth of magnetite 
and orthopyroxene (Haggerty and baker 1967).  
 
Hematite and forsterite are the result of magnetite and orthopyroxene oxidation.  According 
to Muir and Tilley (1957), oxidative breakdown of olivine can be described by the chemical 
reaction: 
 




Where, Mg2SiO4 is forsterite; Fe2SiO4 is fayalite; Fe3O4 is magnetite and MgSiO3 is Enstatite. 
Haggerty and Baker (1967) suggest that with continued oxidation, magnetite plus enstatite 
reverses to produce forsterite plus hematite. In general, exsolution or iron oxides associated 
with olivine indicate that the geological environment has undergone high temperature 
oxidation and alteration of the Mg-enriched host olivine, and chloritic groundmass is 
interpreted to have undergone lower temperature conditions. A study by Baker and Haggerty 
(1967) shows that phyllosilicate assemblages occur under intermediate and low temperature 
alteration. 
 
An experimental study by Korkanç (2004), states that basalts with olivine area categorised a 
better aggregate quality. These basalts have a superior mechanical and physical properties 
when compared to the olivine less basalt or the basaltic andesite. Moreover, the presence of 
acidic-intermediate character or volcanic glass in the matrix, are potentially suitable for alkali-
aggregate reaction. When compared to quartz and feldspar minerals, olivine is less resistant 




Two oxides that are of interest during this study are the ferric iron oxides such as (hematite 
Fe2O3) and aluminum oxides (e.g., gibbsite Al (OH)3). An experimental result by Oh (2017), 
shows that there is an increase in the reduction rate of iron oxide particles with an increase in 
H2 mole fraction and atmospheric temperature. The particle swelling phenomenon is found in 
an environment with CO atmosphere (Day 2008).                                           
 
2.6.5 Clay Minerals 
 
The clay minerals are hydrous layer silicates which are part of the larger family of 
phyllosilicates. Brown (1982) explains that the silicates have a continuous two-dimensional 
tetrahedral sheet of composition T2O5 whereby T is normally, Si, Al, or Fe3+. Adjacent 
tetrahedral are linked by sharing the three basal corners of the oxygen to form hexagonal 
mesh pattern whereas the fourth corner forms the part of an octahedral sheet in which 
individual octahedra are linked laterally by the sharing octahedral edges. The octahedral 
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cations are normally Mg, Al, Fe2+, and Fe3+ with other medium sized cations such as Li, Ti, V, 
Cr, Mn, Co, Ni, Cu, and Zn also occur in some species. Clay minerals are commonly found in 
altered igneous and volcanic rocks. They form part of the weathering products and include the 
following groups: kaolin, smectite and illite. Kaolin has a low swell-shrink characteristic while 
montmorillonite (smectite group) has a high swell-shrink property.  The smectites are flaky 
which gives it a higher surface area thus when in contact with water the clay tends to swell 
several times its original volume. Post drying the clay tends to form cracks. This clay has 
abundance of uses for it depending on relevant analysis and treatment. Whilst illite has a 
chemical formula, K, H3O) (Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] where the K, Ca or Mg cations 
prevents H2O (water) from entering the structural layers thus making it a non-expanding clay. 
 
Some types of clay mineral are very expandable under certain circumstances and can cause 
cracks in engineered structures. Du (1999), explains that under natural conditions, the clay 
minerals present in the rock have a low swelling-shrinkage property. The swelling-shrinkage 
index increases when the material is disturbed, compacted for the use in the construction 
process such as roads and embankments. The natural structure is destroyed with the broken 
cementing bonds thus the water content decrease and the dryness increase, making the soil 
more expansive. Most cracks in roadbeds have occurred due to the ignorance of this problem. 
 
To reduce clay swelling, lime is usually added to the compacted expansive soil. The soil with 
less organic matter tends to perform better whereby the swelling percentage decreases when 
mixed with lime. Change in soil fabric occurs due to the exchange of cations due to the reaction 
between the lime and the expansive soil (Li et al. 1992). Density of the soil also increase, thus 
improving the physical and mechanical properties of the clayey soil. 
 
2.7 Distance and cost 
 
Aggregates should be sourced as close to the source as possible in order to avoid extra costs 
which are mostly borne by the consumers. Consequently, the most successful aggregate 






Environment sustainability should be kept in mind while accessing the aggregate sources, with 
a full reclamation plan in place before any excavation work starts. Terrestrial and aquatic 
habitat loss through vegetation removal and sedimentation of water bodies. Some of the 
environmental concerns that are associated with aggregate extraction and the processing 
includes increased noise, dust, and vibration; truck traffic near the operation sites; visually 
and physically disturbed landscapes and habitats; change in geologic conditions; and affected 
surface and groundwater (Langer et al. 2004).  
 
During the early stages of exploration, there is little to no disruption to the environment. The 
minor environmental instabilities that result is from trenching and digging test pits in case of 
sand and gravel resources, geophysical surveys, and the drilling programs. These areas can be 
easily remedied and cause virtually no permanent environmental disturbances.  
  
Aggregate should be sourced sustainably at all sites, with safety and sensibility in order to 
protect the future of a nation. Thus, the possibility of many deposits with higher reserves can 
get constrained. Returning the land to a beneficial use, is the final step of the aggregate 
production, which can be achieved through be proper reclamation strategy.  
 
2.9 Managing Physical Damages 
 
The obvious impact of aggregate extraction is the change in landscape. To minimise unsightly 
changes to the landscape a few simple techniques have been engineered worldwide. These 
include but are not limited to extracting from a single large quarry site rather than many 
smaller operations at scattered locations.  The usage of the geographic information software 
which makes it possible to foresee physical changes to landscape, and the visual impacts can 
be lessened through vigilant designs. Designing to minimize visual impacts include: careful 
siting of the operation; limiting active extraction areas; sequential reclamation; staining fresh 
rock to make it look weathered; buffering, and screening (Langer et al. 2004).  
 
Site investigations before an extraction starts identifies the flora and fauna. This helps in 
designing a proper extraction plan which helps in regulating the environment loss. Buffers can 
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be set aside for the wildlife and animals and plants could be relocated. In some cases, a site 
can be reclaimed to function similar to the original habitat. In other cases, a new habitat 
maybe created thus increasing the biodiversity (Langer et al. 2004).  
 
2.10 Impacts from blasting 
 
The blasting operations are usually restricted to the quarry operations and manged by the 
regulations of local or regional rules and regulations. The dust, noise and ground vibrations 
are potential impacts of blasting. The blast must have enough impact to shatter the rocks 
while the rest of the energy needs to be released as vibrations through and along the earth’s 
surface and through the air.  
 
The rock properties usually control the timescale at which the vibrations travel, and while 
traceable, ground vibrations, decrease rapidly with distance (Langer et al. 2004; Smith and 
Collis 1995). The density, bedding planes, jointing, fractures, faults, cavities, mud seams, and 
zone of weak or incompetent rock also affect the ground shaking, thus rock properties need 
to be carefully studied prior to any blasting work. In most of the cases seismic equipment is 
used to monitor the ground vibrations in terms of particle velocity, which is the speed at which 
the ground moves. Some of the employed blast parameters designed overtime includes 
maximum instantaneous charge; delay timing; hole diameter, spacing, and orientation; 
amount and type of stemming; and the amount of material being blasted (Langer et al. 2004; 
Ozkahraman 2005).  
 
In research carried out for a limestone quarry, by Ozkahraman (2005), the design of the blast 
pattern involved two steps. Firstly, the Kuznetsov’s equation S50 = Aq-0.8Qe1/6(115/E)19=30. In 
this equation the, A is rock factor, S50 is mean fragment size (cm), E is relative weight strength 
of explosive, Qe is mass of explosive per blast hole being used, q is specific charge or powder 
factor (kg/m3) (Qe/Vo), where Vo is rock volume (m3) broken per blast hole, taken as burden 
x spacing x bench height. Secondly, the measuring of the mean fragment size by image analysis 
and, afterwards, changing pattern in order to get the required fragmentation. This had post 
benefits whereby, the crusher efficiency increased post extraction of the limestone with lower 




2.11 Dust and Noise 
 
Any fine particle which is less than 75 microns in diameter and that can be transported in the 
atmosphere is classified as dust (Langer et al. 2004). Quarry dust is known to be a useful filler 
in bituminous concrete; however, its continuous accumulation can create environmental 
problems (Langer et al. 2004; Ukpata et al. 2012). One logical way of disposing the quarry dust 
is by disposing it into the structural concrete system which in turn increases the strength. The 
properties of the quarry dust primarily depend on the properties of the parent rock for 
instance the chemical and mineralogical composition, physical and chemical stability, 
petrographic characteristics, specific gravity, hardness, strength, pore structures and colour 
(Jayawardena and Dissanayake 2006). Mineralogical composition study is the most important 
property to access the quarry dust. The study involves identifying the chemistry, crystal 
structure, and physical properties of a mineral. The characteristics of the quarry dust that give 
the strength are the rough, sharp and angular particles.  
 
Quarry dust has been identified as possible replacement for sharp sand in concrete works for 
future constructions in Sri Lanka (Ukpata et al. 2012; Jayawardena and Dissanayake 2006). The 
results obtained through research suggested that sand with less than 5% of mica is considered 
a suitable civil engineering construction material therefore rocks such as granitic gneiss are 
suitable rocks to operate as quarries and supply quarry dust to use as an alternative source 
for river sand in the future.  
 
2.12 Changes to surface hydrology and groundwater patterns 
 
The final excavation depth in respect to the groundwater aquifers, should be at least 1 m 
above the groundwater level. It is really crucial when it comes to predicting the impacts on 
the hydrologic system due to the excavation activities due to a particular bedrock with fracture 
flow and bedrocks in cavernous limestone areas.  Any form of opening in the earth can act as 
a channel for the entry of the contaminants to the water systems (Lang et al. 2004).  
 
Quarrying along limestone karst areas have known results of having an adverse effect on the 
water system (Gunn 1993). The karst covered region can draw-down the water table allowing 
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stone extraction, which usually results in the widespread development of subsidence, 
suffusion, and collapsed sinkholes.  
 
The influences to the water table from any form of dewatering can be observed by use of 
monitoring wells; recharging aquifers or augmenting flows to streams with water that drained 
into a pit or quarry that can maintain water levels.   
 
2.13 Potential acid rock drainage 
 
Acid rock drainage usually occur naturally during rock weathering processes with the presence 
of water and oxygen but is worsened by earth disturbances such as large-scale mining, 
construction and natural aggregate extraction (Akcil 2006). The rocks with abundance of 
sulphide minerals are more prone to leaching.  
 
The processes that trigger the acid mine drainage according to Stumbea (2010) is the oxidation 
of metallic minerals (Fe and/or Fe±Cu sulphides) distributed in the rock mass, leading to the 
formation of yellowish-brown products and/or the formation of sulphuric acid (H2SO4). 
During quarrying process, the rocks affected by limonitisation are brought to the surface 
where they undergo weathering processes and generate acid discharges with low pH. Pyrite 
is the most abundant metal sulphide found on the earth’s surface. It plays a major role in the 
many processes which includes acid mine drainage, redox cycling of metals at oxic-anoxic 
boundaries at lake bottoms, and degradation of pollutants (Bonnissel-Gissinger 1998).  
 
In the case of clay minerals associated with argillic material, they are vulnerable to wind and 
water transport at distance from their original location. Stumbea (2010), found that the 
interaction between argillic material and rainfall waters produced highly acidic leachates 
resulting in pH of 2.5 to 5. The weathering processes drastically affects the environment as 
clay minerals of hydrothermal genesis gets transformed into vermiculite, montmorillonite and 
kaolinite (of the clay mineral group). Examples of hydrothermal is minerals include remnants 
of plagioclase grains, sericite, illite, gibbsite.  
 
The limonitisation produces iron leachates which is a product of Fe3+ type. A low pH 
environment with the presence of sulphuric acid creates the basic fundamentals for Fe3+ to 
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act as an oxidizing agent. In contrast, iron from the solutions formed by leaching of argillic 
products belongs to Fe2+ (aq) type, so oxidation occurs only in the presence of oxygen. In the 
absence of Fe3+, sulfuric acids are prone to dissolve carbonates and heavy metal oxides, but 
has a minimal effect on heavy metal from sulphide structure. Fe3+ causes the solubilisation of 
heavy metals-bearing sulphides (Stumbea 2010; Akcil 2006).  
 
According to Stumbea 2010, chemical features of waters from the small accumulations (pools) 
if developed onto the upper part of a quarry waste deposit do not represent a key risk factor 
to the environment, except for pH. The argillic waste deposits act as a barrier that prevents 
infiltration of surface water. However, it is assumed that a high risk arises from the waters 
that infiltrates the entire mass of the waste deposits.  
 
Some other factors that should be taken into consideration includes the proximity of the 
quarry to water well; fuel storage area; septic tank and the applicable design; source of water 



















Chapter 3: Methodology 
 
3.1 Sampling and analytical methods 
 
This study consists of three different research approaches: field-based, petrologic and 
geochemical.  
 
In the field, the colour, structure, texture, grain size, discontinuities and joint status were 
determined for the overall rock unit along with a preliminary assessment of the extent of 
weathering based on classification by Moon (1983). The weathering and jointing details were 
cross-referenced with the classification tables 2 and 3 under the sub-heading 4.2.1, 
observations. 
 
The field-based rock classification was refined using petrography description in the laboratory. 
Primary and minor mineral constituents were identified and the texture, grain size, cleavage, 
cracks, and porosity of rock samples were described. SEM analysis was conducted to 
determine the chemical composition of the minerals. Furthermore, a semi-quantitative x-ray 
diffraction analysis was carried out to study the rock properties in association with its 
crystalline states. XRF analysis was also done by an outsourced laboratory (Australian 
Laboratory Services-Brisbane). All of this information was used to determine the condition of 
the rock in terms of weathering and alteration and related to aggregate quality. 
 




A total of 17 samples were collected from five different field sites. A summary of the samples 
collected with the different experimental technique associated with each is provided in Table 
2. Observations were made during sample collection of the range in the extent of weathering 
and its location with reference to field features such as fractures and jointing. The size of the 




Representative samples were collected for petrographic and geochemical analysis. The 
petrographic analysis was carried out using standard optical microscopy. A handheld GPS 
(Trimble Juno SD) and 1:50 000 geological maps sheet was used to confirm the locations of 
samples collected.  
 





3.3.1 Physical properties 
 
Physical properties of the outcrop were observed. This includes overall colour, weathering 
type, mineralogy, an estimated range of the lithology and jointing. Major emphasis was placed 
on the extent of jointing and weathering.   
 
According to Smith and Collis (1993), 70% of the rock strength is associated with the jointing 
characteristics. Jointing properties include spacing, orientation (Figure 1), width, continuity 
and infill. Table 3 presents a grading system based on these characteristics. This grading 
system alone cannot be used to grade aggregate quality. Factors such as the purpose of the 
aggregate determine what additional information is required. This table should be compared 
with Table 4 for weathering properties of rocks prior to any interpretation on the quality of 





Table 3. Rock strength parameters graded according to geological characteristics (Modified 
from Moon 1983). 
 
 
Furthermore, table 3 shows that the orientation of jointing has a profound effect on rock 
strength. Joints dipping sub parallel to the slope will tend to make the rocks more orthogonal 
outcrops have higher strength relative to land-sliding in turn indicating that these rocks are 
less prone to disintegration (Figure 7). 
 
 
Figure 7. Visual representation of the theory leading to slope orientation. The diagram is 
more relevant to the mining of the material but is still relevant as strong rock. Adapted from 











Very strong Strong Moderate Weak Very Weak
Weathering Un-weathered Slightly weathered 
Moderately 
weathered
Slightly weathered Highly weathered
Joint spacing (m) >3-1.6 1.6-0.6 0.6-0.2 0.2-0.05 0.0.5-<.02
Joint orientation >30° into slope <30° into slope
Horizontal and
vertical
<30° out of slope >30° out of slope
Joint width (mm) <0.1 0.1-1 1-5 5-20 >20







Groundwater None Trace Slight Moderate Great
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3.4 Weathering   
 
The extent of weathering was categorised using Table 4.  
 
Table 4. Outcrop parameters, resulting status and predictive aggregate quality. Slightly 
weathered rocks are the transitional phase, thus needs more testing depending on the 
aggregate usage.  (Modified from Fookes et al. 1971, Langer and Tucker 1995, New Zealand 
Geotechnical Society Guidelines 2005, and Smith and Collis 1995). 
Observation Outcrop Status 
Predictive 
Aggregate Grade 
No visible sign of weathering. Rock mass shows no loss of 





Discolouration on major discontinuity surface is regarded 
as satisfactory.  
Slightly 
Weathered 
Satisfactory If all rock material is discoloured and weaker than the 
fresh rock. It is regarded as a transitional phase thus 
needs more testing depending on the aggregate usage. 
Less than half of the rock mass is decomposed (changed 





More than half of the rock mass is decomposed (changed 
to soil by chemical decomposition or disintegration). 
Fresh or discoloured rock is present as a framework. 





All rock mass is decomposed (changed to soil by chemical 






Rock is completely changed to a soil with the original 





Table 4 has been modified after Fookes et al. (1971), Langer and Tucker (1995), New Zealand 
Geotechnical Society Guidelines 2005, and Smith and Collis (1995). This grading system is 
considered to be suitable for igneous and metamorphic rocks only (Collis 1995). The end use 






3.5 Analytical and Laboratory Techniques 
 
3.5.1 Petrographic analysis 
 
According to Smith and Collis (1995), a petrographic analysis is necessary in order to assess 
the performance of a potential aggregate and to detect the presence of any potential 
deleterious substance in terms of rock strength. Emphasis was placed on feldspar, pyroxene, 
calcite and clay minerals. Other minerals include biotite, quartz, zeolite, olivine and the 
microfossils.  
 
(a) Thin section preparation 
 
The rock samples were cut into ~5cm x 1cm x 2cm billets using a circular diamond saw. 
Another 1 cm deep cut was made, and the rock chips were trimmed to fit within the limits of 
the thin section slide. Rotary laps were used to grind a flat face using increasingly fine grit 
100# and 240#, followed by drying, sample numbering and thorough washing. Further 
smoothing of the chip face was carried out using 400# grit, followed by rewashing and surface 
grinding on 600#. To ensure that the thin section surface was completely flat, an X was marked 
in the corner of the slide and the slide was re-subjected to 600# grit. The smooth surface was 
determined upon the disappearance of the pencil marked X. 
 
Furthermore, Epoxy resin (two parts of the resin to one part of the hardener) was smeared on 
the rock chip prior to slide placement. At this stage, it should be ensured that all the bubbles 
are squeezed out of the edge of the slide. The rock chip glued to the slide was left on a flat 
surface overnight for a proper drying. A Trim saw was used to cut off the extra rock piece. 
Each section was thinned down to 30 microns using the 240#grit, 400# and 600# glass laps. 
The slide was re-dried before the polishing was done using a polishing machine. No coverslip 
was used as these thin sections were subjected to SEM analysis. This methodology is adapted 







A detailed petrographic analysis was carried out for each thin-section using a petrographic 
microscope and digital microphotography. This was done in order to establish the 
mineralogical properties of each sample, noting the mineral abundance, alteration, crystal 
size, shape, any observable texture and finer structures. 
 
(c) Mineral Photomicrography 
 
The mineral micrographs were obtained using Canon EOS utility.  Some of the important things 
to note prior to and during photography include: 
 
(i) The camera should be kept at P mode to allow automatic adjustments between 
PPL and XPL variations Easterbrook (2015).  
(ii) The computer should be turned on prior to switching on the camera and 
microscope to avoid software disruptions. 
(iii) The light path selector knob should be adjusted to allow the light to pass 
through the camera for image capture. 
(iv) The image was captured using EOS utility and the image size was set to L to 
allow proper functioning of the scale bar. 
 




(a) Thin section slides scanning 
 
A flatbed colour image scanner, EPSON Perfection V700 PHOTO was used to scan the polished 
thin section slides. This was done in preparation for the SEM-EDS analysis. General details 
include: The source of the light for the scanner is white cold cathode fluorescent lamp LED; 
OHP sheets were used to cover the thin section slides prior to placing it on the scanner bed to 
avoid scratch marks on the scanner and future scanning quality reduction. The thin section 
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slides were scanned at 24-bit colour on a resolution of 2400dpi. Total time taken for the 
scanning process to complete was 20 minutes. 
 
(b) Carbon Coating 
 
The Q150T Carbon Coater was used for coating the polished thin section slides. Refer to figure 
8 for the image of the machine. The carbon coating prior to SEM analysis is necessary as it 
prevents electron accumulation on the slides. In brief, the tall glass chamber was used and the 
coating head was adjusted prior to placing the slides in. The carbon rods were carefully shaped 
into 1.2 mm diameter x 5 mm proportions. Upon which it was inserted into the movable 
terminal. Depending on the size of the chamber a total of 5 to 6 thin-section slides were placed 
in the chamber for coating. Post software initialisation the “carbon coating” profile was run, 
and the samples were removed post venting.  
 
 
Figure 8. Carbon coating machine-Q150T. 
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(c) Zeiss Sigma VP FEG SEM data gathering 
 
The Zeiss Sigma VP FEG SEM + oxford EBSD at the Otago Centre for Electron Microscopy 
(OCEM) was used for the purpose of this study (Figure 9). Standard polished thin section slides 
with 30 µm thickness were used in the SEM. The slides with these parameters have been 
tested to obtain better results as the penetration depth of the SEM is only a few micrometres. 
This SEM is fitted with an HKL INCA Premium Synergy Integrated EDS/EBSD system (Oxford 
Instruments, Oxfordshire, UK) that has been modified with an Emitech K1250 cryo-stage 
OCEM (2017). This instrument has the capacity to perform within 2 to 133 pressures. It also 
produces high-resolution images with secondary and backscatter electrons of up to 1.7 nm at 
15 kV and 3.0 nm at 1 kV. The vacuum chamber can accommodate specimens up to a height 
of 145 mm and with a 250 mm diameter OCEM (2017).  
 
All 17 samples were subjected to Energy Dispersive Spectroscopy (EDS) rather than Electron 
backscatter diffraction (EBSD). This is because the latter is only useful during the study of 
crystal morphology whilst EDS method accommodates the study of mineral geochemistry. The 
Aztec software was used to collect the data using point & ID and element map methods. Some 
of the critical points to remember while using the SEM includes: 
 
(i) To feed the SEM system with carbon coating information to allow the 
calculation of a qualitative result.   
(ii) Upload the SEM computer with the scanned images of the thin section slides. 
The scanned image needs to be registered on the SEM computer which allows quick selection 
and returns to any point on the thin section slide during the analysis process. 
(iii) In order to obtain the SEM data, the detectors should be adjusted as follows: 
EHT (15.00kV), Aperture (120.0µm), signal (A=TV/AsB). Note: The study of the surface of the 
samples is done using the SE2 which is inapplicable to this study. 
(iv) To obtain good quality images brightness and contrast should be adjusted 
accordingly. Note: The brighter the image is, the higher its average atomic number. The 
working distance parameter should be adjusted to 10-11 mm and initial observations should 
be carried out at 88x.  The resolution and magnification can be changed depending on the 
minerals observed. According to Aztec 3.1 User Manual (2015), the quality of the image 




In addition, there is a range of benefits of using SEM-EDS. This includes but is not limited to: 
 
(i) It gives the real-time chemical data and records every step of the analysis 
within a selected region on the thin section. 
(ii) The instrument can acquire and report the data at the same time, giving an 
idea in a real time of what to expect when analysing the data using the offline version of the 
Aztec software. It also makes it possible to assess the progress of the map scans. 
(iii) It is useful to analyse from core to rim across zoned minerals (Oxford 
Instruments 2017).  
(iv) It facilitates finding regions for analysis on the slide quickly via the image 
capture software. 
(v) It is possible to pre-select elements of interest. 
(vi) The capacity for varying dwell time allows the data to be gathered at a different 
speed, saving time and money. 
(vii) Acquisition termination is possible upon gathering enough data to save time 
(Aztec 3.1 User Manual 2015).  
 
 




(d) SEM-EDS Data processing 
 
Post analysis, the elemental maps were analysed using an offline version of Aztec software 
(Wu 2016). The Aztec 3.1 User Manual (2015) was downloaded from the “Help” tab of the 
Aztec software to assist in data acquiring and processing. The chemical composition of the 
mineral was identified with reference to Deer et al. 2013, The Rock-Forming Minerals-3rd 
Edition.  
 




The samples were crushed using the agate TEMA crusher. The labelled portions of the samples 
were removed carefully to prevent contamination. As per Jeffery 1975, contamination is prone 
at all stages of sample preparation either due to an extraneous material or if the crusher has 
been used for ore sample preparation. Thus, typical precautionary measures were taken to 
keep the samples contamination free or to a minimal level. A total of 17 samples were 
pulverised using the crusher. Figure 10 shows a few of the processes involved. The samples 










Figure 10. Sample crushing process using the agate TEMA. (a) The samples were broken into 
smaller pieces to ensure a proper fitting into the agate TEMA. (b) Rocklabs swing TEMA mill 
shown with the agate TEMA in place ready for crushing. Insert: An agate TEMA. (c) The 
pulverised samples were packed into labelled samples bottles. 
 
   
 
 
a b c 
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3.8 Qualitative XRD 
 
3.8.1 Clay Analysis 
 
(a) Smear Slide Preparation 
 
All 17 samples were packed in sample bottles to prevent contamination and were labelled 
accordingly. Small portion, almost 5 to 7 milligrams of pulverised samples were placed in 
ethanol cleaned beaker jars. Approximately 25 millilitres of deionised H2O was used to stir the 
samples (Figure 11). The prepared samples were let to settle for 120 minutes only as whole 
rocks/bedrocks were used. Around 4 to 5 hours settling time is anticipated in the case of 
sediments. 
 
Figure 11. Small portions of powdered samples mixed with deionised water. The mixture 
was then left to settle for 120 minutes. 
 
The cloudy clay fraction was pipetted onto the glass slides set on the petri dish (Figure 12). 





Figure 12. The cloudy fraction of the prepared portion being pipetted on the glass slides. 
 
Four glass slides were prepared for each sample. The petri dish was placed in the oven and 
the smears were dried at approximately 60.2 degrees Celsius for 60 minutes (Figure 13). 
 
The different clay minerals were identified based on the (001) d-spacing using table 5. The clay 
minerals that are of interest to this study are kaolinite, illite, chlorite, montmorillonite and 
mixed layer.  
 
Table 5. Clay mineral identification table for the PANalytical X'Pert-Pro MPD PW3040/60 
Diffractor analysis at d spacing on 001 plane for Å type mineral. (Modified from U.S. 
Geological Survey Open-File Report 01-041 and Geological 251 Minerals and Rocks Practical 
10 Sheet). 
Mineral Untreated Ethylene Glycol Heated to 
450°C 
Heated to 550°C 
Kaolinite 7.1 No Change Destroyed Destroyed 
Montmorillonite 14-15 17 ~9.5 9.5 
Illite 10 No Change Little Change Little Change 










Figure 13. Set of 4 glass slides set in the petri dish showing clay fractions which were dried 
at 60.2 degrees Celsius for 60 minutes. 
 
All the slides were subjected to different treatments except for one which was left untreated. 
One glass slide was heated at 450/550 °C for 4 hours while the second one was treated 
overnight using ethylene glycol. The difference in heating temperatures helped differentiate 
the chlorite from the kaolinite minerals as both have the same basal spacing. The kaolinite 
minerals tend to get destroyed at 550°C (Pierre 1964). Whilst ethylene glycol helped in 
identifying the nature of the non-swelling clays such as illite and chlorite in the samples. It also 
helped distinguish the swelling clays such as montmorillonite. Other swelling clays that 
possibly can be differentiated include di-or trioctahedral high-charge or low-charge smectite 
and vermiculites (Mosser et al. 2005). The final slide which was supposed to be treated at 150 
degrees Celsius was not executed due to some technical and scientific reasons. 
 
Clay XRD analysis was conducted on a PANalytical X'Pert-Pro MPD PW3040/60 Diffractor, at 
30mA α 40kV over a range of 3 to 21°C 2θ with a step size of 0.008° and time per step of 
15.035 seconds. After analysing the obtained graphs for untreated slides, the graphs that 
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showed very poor peaks for the clay minerals were exempted from further analysis. Thus, out 
of the 17 slides treated at 550 degrees Celsius and with ethylene glycol, only 11 were selected 
for further analysis. 
 
(b) Bulk analysis/Semi quantitative  
 
The Multi-Purpose Sample stage for the facility used for clay analysis was also used for bulk 
mineral identification. Whereby the pulverised (17 set of) samples were back pressed into 
auto stack discs and analysed overnight. The bulk XRD analysis was also conducted on a 
PANalytical X'Pert-Pro MPD PW3040/60 Diffractor, at 30mA α 40kV over a range of 3 to 80°C 
2θ with a step size of 0.008° and time per step of 6.045 seconds. Reference intensity ration 
(RIR) method as used by XRD is a good way to analyse samples containing clay minerals. The 
unknown peaks were identified using Bragg equation (appropriate value of λ) as each mineral 
has a unique set of d-spacing. Mineral Powder Diffraction File Search Manual was also used to 
match the unknown peaks. Thus, matching these d-spacing provided the names of the 
unknown minerals which was further cross-checked with SEM-EDS analysis.  
 
3.9 X-Ray Florescence analysis  
  
A total of 17 samples were analysed using the x-ray florescence (XRF) analysis. This was done 
to normalise the data obtained during x-ray diffraction (XRD) analysis (obtained at Geology 
Department Laboratory at the University of Otago). The samples were pulverised at Geology 
Department (University of Otago) before it was sent to Australian Laboratory Services in 
Melbourne for further analysis.  
 
The method used for analysis was Trace Elements by Li Borate Fusion plus whole rock analysis.  
This analysis by lithium borate fusion prior to acid dissolution and ICP-MS analysis ensures the 
most qualitative analytical approach for a broad suite of trace elements (Australian Laboratory 
Services 2019). The data received were in parts per million (ppm) for the abundant elements 
(such as SiO2, TiO2, Al2O3, Fe2O3 T, MnO, MgO, CaO, Na2O, K2O, and P2O5) and in weight 




XRF spectrometric analysis has been carried out by scientists from as long as the 1960’s. X-ray 
fluorescence spectrometry is a common technique in determining the elemental composition 
of lithic materials whereby most rock types are prepared for analysis by conversion of 
specimens to powder or glass in order to reduce the effects of irregular surface topography 
and internal inhomogeneity (Jones 1997).  
 
Laser ablation ICP-MS (LA-ICP-MS) has been accepted as a rapid and simple technique for the 
microanalysis of trace elements (Park et al. 2016) The first generation of a widely used laser 
ablation yielded relatively low precision and accuracy (±20 to 30 % errors) on geological 
samples for both normal and lower dilution glass beads (Park et al. 2016; Norman et al. 1998 
and Kurosawa et al. 2006). In this experiment fused beads were prepared from a series of 
volcanic and sedimentary rocks. The received data was processed and Chemical Index of 





















Chapter 4: Field Observation 
 
The lithologies of the samples collected were on a small scale and can differ from the large-
scale mapping. Seventeen samples of 10-to-15-centimetre diameter were collected for 
analysis. Samples representing a range of lithology was obtained in order to understand the 
mineralogy and chemical composition for future collection and sampling as aggregate.  These 
samples were chosen to range from nearly un-weathered to highly weathered. Samples MA1 
(Site 1) and MA13 (Site 4) (both un-weathered) were obtained working aggregate extraction 
pits. As the surface rocks were highly weathered and sample representing the non-weathered 
form for the lithology was hard to obtain due to the soil overburden. Site 2 and 4 are fully 
functional quarry site and samples were obtained from within the site.  
 
Extra precaution was taken (with assistant from an on-site geologist) while obtaining the 
structural measurements at site 2. This was because of the heavy machinery works that has 
disturbed the units occurring in proximity to the study site. All the samples were labelled as 
MA1 to MA17 while location of samples was obtained using GPS (Trimble) and 1:50 000 scale 
geological map series (Fiji). Whilst in field, all the samples were tested for carbonates using a 
cold solution of 5% hydrochloric acid. The samples were thoroughly cleaned and as much 
organic matter (dirt) was removed by washing prior to meet New Zealand’s rock sample 
importation standards. The specimens were transported to The University of Otago for 
subsequent preparation and analysis. Table 6 summarises the field observation for all the sites 
followed by the predicted aggregate quality based on structural features and the surrounding 
condition. 
 
4.1 Field Descriptions 
 
4.1.1 Site 1 Outcrops 
 
A total of three samples were collected from site 1 representing the fresh to weathered units. 
Sample MA1 was obtained from a hard rock extraction pit. The hand specimens are fresh with 
purplish grey to light grey colour with porphyritic texture. The vesicles were mostly filled with 
very fine sediment, calcite and clay in a very irregular pattern. The major visible phenocrysts 
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in hand specimen include feldspar, pyroxene and minor quartz together with pyrite. Zeolites 
forms part of the matrix. The hand specimens are highly magnetic. The matrix is moderately 
vesicular and homogeneous. The dip angle of the nearby (vicinity of hard rock extraction site) 
outcrops ranged from 26° to 31° (northeast) with a northeast to southeast strike. A few 
continuous joints with infills were noted with no visible signs of rock weathering noted for the 
fresher outcrops. 
 
Sample MA2 was collected from the riverbank within the vicinity of sample MA1. The overall 
flow was moderately weathered showing signs of discolouration. The outcrop colour is slightly 
beige and shows major signs of weathering with pieces of rock breaking off. Jointing are 
between <0.1-1 mm wide with sediment infills while the spacing between jointing is between 
1 to 2 m. A few of the jointing were continuous and contained irregular infills. Plagioclase 
feldspar, pyrite, muscovite, pyroxene and minor quartz form part of the porphyritic hand 
specimen. The obtained samples were moderately magnetic and slightly dense with almost 
no fizz (with hydrochloric acid). Slight chloritisation and abundance of iron oxidation was 
noted throughout the unit. 
 
Sample MA3 was obtained from an outcrop at the foot of a ridge which showed signs of 
moderate groundwater seeping through the rocks. Overall, the outcrop was held by a fresher 
dark grey layer with signs of heavy weathering. The hand specimen has an aphanitic texture 
and is dark grey in colour. The whole sample is highly magnetic and a little dense. 
 
4.1.2 Site 2 Outcrops 
 
Sample MA4 is dark grey to black in colour with abundance of reddish discolouration. It hosts 
numerous large vesicles filled with zeolite crystals and calcites. The unit is very porous. The 
overall unit is aphanitic to porphyritic with visible plagioclase feldspar and minor pyroxene 
phenocrysts. The samples are highly magnetic and dense. Jointing is <0.1 mm to 3 mm wide 
and are mostly discontinuous. A few calcite veins were observed with a width of <3 mm. The 
surrounding can be characterised as moisture-laden as traces of groundwater was seen. The 




Physical weathering and slight discolouration are noted in outcrops at location MA5. The flow 
is red to light grey in colour and hosts abundance of infilled vesicles. Plagioclase feldspar forms 
the major part of the hand specimen while olivine, magnetite and calcite form part of the 
accessory mineral composition.  Iron oxidation is visible throughout the unit. The units have a 
porphyritic texture while the lengths of outcrop are categorised as un-weathered. Abundance 
of discontinuous jointing is evident.  
 
The overall appearance of the outcrop (sample MA6) is grey to reddish brown colour. The 
reddish colour is most probably due to iron oxidation. The whole unit is highly porous and has 
a porphyritic texture. The major mineral constituent is plagioclase feldspar, augite, zeolite and 
rare olivine. Clay infills together with zeolites form part of the minor vesicles within the unit. 
Numerous discontinuous jointing is observed with no infills. The unit shows hints of 
discolouration and can be categorised as faintly weathered. Samples are slightly dense and 
has a minor carbonate content. 
 
The mineral constituent of sample MA7 is similar to MA6. In terms of weathering, both 
samples are slightly weathered. The outcrops are approximately 10 m in height and are slightly 
fractured. The units are aphanitic to porphyritic and yellowish to grey to green in colour.  
Abundance of discolouration is seen in the bedrocks along the jointing. Plagioclase feldspar, 
pyroxene and minor olivine are visibly present. The zeolites form part of the amygdales. 
Overall, the samples are moderately calcareous and dense.  
 
Sample MA8 was obtained from a fairly fresh outcrop with abundance of jointing in place. The 
units are highly vesiculated and has zeolite and calcite infills.  Abundance of calcite coating is 
noted along the fractures while the joints are filled with coarse grained sediments. Plagioclase 
feldspar phenocrysts forms the major part of the hand specimen with augite and calcite are 
present as an accessory mineral. Physical evidence of weathering is given by the reddish 
discolouration of the unit. The outcrops have a porphyritic texture and the overall colour 
ranges from reddish brown to greyish green. 
 
The dip angles for all the outcrops at site 2 ranged between 8 to 14 degrees (northeast) and 
all the outcrop have evident jointing. The width of joints was between <0.1 mm to 3 mm for 




4.1.3 Site 3 Outcrops 
 
Site 3 is a quarry site and hosts various lithology with limestone being one of it. Four 
representative samples were collected from the site (sample identification code: MA 9, MA10 
MA11 and MA12).  Except for MA12 which is a volcanic rock, the rest is categorised as 
carbonaceous sedimentary rock and are highly effervescence when in contact with cold 
solution of hydrochloric acid.  
 
Sample MA9 is the most un-weathered out of the three. The outcrop extends to a visible 
height of approximately 6 to 10 meters. The units are grey in colour and show no 
discolouration throughout the facies. The formations are near vertical and has a northeast dip 
with a karst-like appearance. An abundance of fractures and infilled joints were observed. A 
few of the jointing are continuous. These structural features host various solution cavities 
along the limestone formation. The main composite of the unit is calcite with minor quartz. 
Upon inspection with hand lens, microfossil is noted within the outcrop. Hand specimens are 
very dense and fracture vigorously when cut using the rock saw machine. Signs of surface 
groundwater was noted throughout the study site. 
 
The outcrop from which MA10 was obtained is slightly weathered and showed signs of reddish 
discolouration along the jointing. The discolouration could be the direct result of iron 
oxidation. An abundance of continuous jointing and discontinuous jointing system was noted.  
The surface is covered with fine sediments. A major mineral constituent is calcite while 
plagioclase and quartz are present as minorities. Microfossils are evident.  
 
Sample MA11 was obtained from the foot of the limestone cliff and is slightly weathered. 
Calcium carbonates form the principle mineral component while zeolite phenocrysts and clay 
occur in factions. Oxidation forms part of the unit thus showing an abundance of 
discolouration. A very poor system of jointing and fractures are noted. 
 
MA12 forms the underlying geology at the study site and is grey to olive green in colour. A 
very high moisture content surrounds the lithology. The unit has a very poor structural control 
with no visible jointing. Abundance of plagioclase and calcite phenocrysts are present with 
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minor iron oxidation. The outlier is completely weathered as all the rock is disintegrated with 
only the original structure still intact.  
 
4.1.4 Site 4 Outcrops 
 
Rocks of intrusive origin was obtained from site 4. All the samples have a phaneritic texture 
with very large crystal size. Un-weathered sample (MA13) was obtained from the vicinity of a 
hard rock extraction pit. The hand specimen consists of plagioclase feldspar, augite and biotite 
phenocrysts.  The specimens are highly magnetic and dense. A minor calcite coating and iron 
oxidation is evident.  
 
Signs of slight weathering is present in the outcrop representing MA14.  The whole outcrop is 
light grey to cream coloured and is highly vesiculated. The only minerals visible in hand 
specimen is feldspar, magnetite and biotite. The outcrop hosts discontinuous joints with no 
major infill. Iron staining is noted throughout the unit with major traces noted along the 
fractures. The fractures are mostly cross-cutting with a northeast trend. The unit is surrounded 
with high moisture content and traces of groundwater.   
 
MA15 was obtained from a completely weathered outcrop. The whole unit is disintegrated 
with the original structure still intact in most places with signs of soil erosion. An abundance 
of iron staining and clay was noted throughout the pale coloured. Feldspars and minor biotite 
are the major phenocrysts present. The unit is approximately 3 meters high and has traces of 
groundwater throughout.  
 
Sample MA16 was obtained from a highly weathered outcrop. An abundance of quartz 
phenocryst is present with minor feldspar and biotite. The biotite phenocrysts are 
approximately 1 mm to 6 mm in size and ranges from black to dark brown to greenish colour. 
The biotite is highly vitreous. The hand specimen is dense with very less matrix intact. The unit 
is richly iron stained. 
 





4.1.5 Site 5 Outcrop 
 
Rock sample MA17 was obtained from an outcrop along the road cut and is moderately 
disintegrated. The outcrops are poorly bedded, massive, and moderately to poorly indurated. 
The beds show very shallow eastwards dipping of 8 to 13 degrees. It is interlayered with highly 
coarse-grained tuffaceous material. The overall outcrop is grey to brown in colour and highly 
weathered with medium grained texture. Vigorous effervescence when in contact with 
hydrochloric acid suggests a high calcite content. Tiny angular pieces of igneous inclusions 
were noted in the hand samples. Other minerals include plagioclase feldspar, minor biotite, 
pieces of organic matter and fossil skeletal.  
 
Table 6, summaries the field observations in terms of colour, grain size and mineral content. 
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Table 6. Rock hand specimen summary. 
Sample 
ID 
Site Colour Texture Grain Size 
(mm) 
Mineral Content  Other features Rock Type 
MA1 1 Purple to 
light grey 
Porphyritic N/A Plagioclase feldspar, pyroxene, 
pyrite, quartz 
 Trachyte basalt 
MA2 1 Beige Porphyritic N/A Plagioclase feldspar, pyroxene, 
pyrite, micas, quartz 
Iron oxidation Andesite 






MA4 2 Dark grey Aphanitic N/A Iron oxidation is present. Iron oxidation Basalt 
MA5 2 Red-grey Porphyritic N/A Plagioclase feldspar Iron oxidation Basanite 









Aphanitic  N/A None Iron oxidation Basalt 
MA8 2 Moderate 
red to grey 
Porphyritic N/A Plagioclase feldspar, pyroxene, 
calcite 
Iron oxidation Basanite 
MA9 3 Grey Non-clastic or 
aphanitic 
N/A Calcite Iron oxidation Limestone 
MA10 3 Moderate 
red 
Clastic 0.06-0.2 Calcite  Iron oxidation Limestone 
MA11 3 Moderate 
yellow 
Non-clastic N/A Calcite  Iron oxidation Limestone 
MA12 3 Grey to 
olive 
green 
Aphanitic N/A None Iron oxidation Basalt 
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MA13 4 Light grey Phaneritic  1-3 Feldspar, pyroxene Iron oxidation Monzonite 




1-3 Feldspar, magnetite, biotite Iron oxidation Syenite 
MA15 4 White to 
pink 
Phaneritic  1-2 Feldspar Iron oxidation Granite 
MA16 4 Brown to 
white 
Phaneritic  1-3 Feldspar, biotite Iron oxidation Quartz Syenite 
MA17 5 Grey-
brown 








Table 7, summarises the physical appearance of the rock units based from the weathering 
parameters by Fookes et al. 1971, Langer and Tucker 1995, New Zealand Geotechnical Society 
Guidelines 2005, and Smith and Collis 1995. Table 4 (under sub heading 3.4) was used to 
analyse the weathering status and the quality of the rocks in terms of its use as an aggregate. 
Table 8, summarises the structural characteristics observed for each rock which is based on 
the rock strength parameters (Moon 1983). Table 3 (under sub heading 3.3.1) was used to 
determine these rock strength parameters.  
 
Out of the 17 rock samples, 11 are characterised as a satisfactory aggregate grade based on 
the physical characteristics (Table 2). The aggregates marked as satisfactory show no visible 
sign of weathering. The sample code for these rocks is MA1 (trachyte basalt), MA2 (andesite), 
MA5 (basanite), MA6 (basalt), MA7 (basalt), MA8 (basanite), MA9 (limestone), MA10 
(limestone), MA11 (limestone), MA13 (monzonite) and MA14 (syenite). The other seven rocks 
are classified as unsuitable. This is due to the presence of iron oxidation either in moderate to 
heavy amount or the decomposition level of the rock units. Based on these criteria, samples 
MA3 (basalt) and MA16 (quartz syenite) are highly weathered. According to the New Zealand 
Geotechnical Society Guidelines (2005), when more than half of the rock mass is decomposed 
with the framework made up of the fresher rock unit, seen to be decomposing as well is 
classified as a highly weathered rock.  Rock samples MA12 (basalt) and MA15 (granite) are 
completely weathered.  These samples are decomposed to soil by chemical decomposition or 
disintegration (New Zealand Geotechnical Society Guidelines 2005). The predictive aggregate 
grade based on the weathering for sample MA4 is unknown as the sample shows abundance 
of discolouration and the whole rock unit is weaker than the fresher unit of the same 
composition. Rocks with these particular features are classified as transitional rocks and 
require further assessment based on the intended usage type (Fookes et al 1971).   
 
According to Table 7, only four rock units are classified as strong aggregates with the five 
others in the moderate strength category. The aggregate grade determining the strength 
parameter is based on the weathering status, joint spacing, joint width, joint continuity and 
significant presence or record of groundwater traces (Moon 1983). Rocks classified as strong 
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aggregate have a joint spacing of approximately 1-2 m, joint width ranges from <0.1-1 mm, 
and either continuous and discontinuous jointing with moderate to no trace of groundwater. 
The rocks classified as strong are basalt (MA6), basanites (MA5 and MA8) and limestone 
(MA10). Moderately strong rocks are again basalt from site 2 (MA4 and MA7), site 3 
(limestone-MA9 and MA11). Similar characteristics between these rocks is that they all show 
evidence of groundwater with wide jointing space. The typical rock structural features in the 
weaker rocks are missing, as the whole unit is either highly to completely weathered.   
 
The rock descriptions in terms of mineralogy, texture and grain size are given in Table 5. The 
observed texture for the rock samples ranges from aphanitic to porphyritic for the volcanic 
and igneous rocks and non-clastic for the sedimentary rock units. The mafic minerals observed 
in hand specimen are pyroxenes and biotite. According Fookes (1991), the presence of mafic 
minerals in igneous rocks is one of the two major reasons for construction failures. The mafic 
minerals are rich in magnesium and particularly iron, which has a corroding property due to 
the oxidation process. According to Oh (2017), an increase in the reduction rate of iron oxide 
particles is related to the increase in hydrogen fraction (acidity) and the temperature. This can 
be associated with the climate of the study area. Which is temperate and has high amount of 
rainfall. factors that contribute to more rock oxidation. Another reason of infrastructure 
failure is the presence in the aggregate of secondary minerals formed due to rock alteration 






Table 7. Summarised field observation in this study outcrop parameters are used to denote the possible aggregate grade based on the weathering 
status. The term “unknown” represents the transitional phase of rock weathering which usually needs more testing depending on aggregate usage 
type. UW = Unweathered (fresh), SW = Slightly Weathered, MW = Moderately Weathered, HW = Highly, Weathered, CW = Completely Weathered. 
(Adapted from Fookes et al. 1971, Langer and Tucker 1995, New Zealand Geotechnical Society  
Guidelines 2005, and Smith and Collis 1995). 
 
Sample ID Site  Field Observation Weathering 
Status 
Predictive Aggregate 
Grade based on 
Weathering 
Rock Name 
MA1 1 No visible sign of weathering UW Satisfactory Trachyte Basalt 
MA2 1 Presence of iron oxidation. SW Satisfactory  Andesite 
MA3 1 All rock mass is decomposed with an intact 
rock frame. Rock transformation to soil is 
evident. 
HW Usually, Unsuitable Basalt 
MA4 2 All rock material shows sign of iron 
oxidation and the rock unit is weaker than 
the fresher outcrops indicating it is in a 
transitional phase. 
SW Unknown Basalt 
MA5 2 No visible sign of weathering UW Satisfactory Basanite 
MA6 2 Iron oxidation is noted on major 
discontinuities. 
SW Satisfactory Basalt 
MA7 2 Discoloration seen along the jointing. SW Satisfactory Basalt 
MA8 2 Discoloration of the whole rock unit.  SW Satisfactory Basanite 
MA9 3 No visible sign of weathering UW Satisfactory Limestone 
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MA10 3 Discoloration seen along the jointing. SW Satisfactory Limestone 
MA11 3 Discoloration seen along the jointing. SW Satisfactory Limestone 
MA12 3 All rock mass is decomposed with minor 
evidence of rock structure. 
CW Usually Unsuitable Basalt 
MA13 4 No visible sign of weathering UW Satisfactory Monzonite 
MA14 4 Discoloration evident on the outcrop.  SW Satisfactory Syenite 
MA15 4 All rock mass is decomposed. Minor 
evidence of rock framework. 
CW Usually, Unsuitable Granite 
MA16 4 More than half of the rock mass is 
decomposed. Discoloured rock is present as 
framework. 
HW Usually, Unsuitable Quartz Syenite 
MA17 5 Composed of sand sized grains and shows 
evidence of rock pieces breaking off.  
N/A Usually, Unsuitable Sandstone 
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Table 8. Summarised field observation in this study, in terms of outcrop parameters denoting the possible aggregate grade based on rock strength. 
UW = Unweathered (fresh), SW = Slightly Weathered, MW = Moderately Weathered, HW = Highly Weathered, CW = Completely Weathered.  N/A 
indicates that the rock sample has been obtained directly from a functional hard rock extraction pit. The rock strength parameters used to determine 




Site  Weathering 
Status* 

























MA2 1 SW Evident 1-2 <0.1-1 Continuous, 
irregular infill 
Trace - Moderate Andesite 
MA3 1 HW Evident - - - Trace - Very Weak Basalt 
MA4 2 SW Evident ~1.8 <0.1-3 Discontinuous, 
no infill 
Trace 10°-12° NE Moderate Basalt 
MA5 2 UW Evident  ~1-2 <0.1-1 Discontinuous, 
infill 
None 8°-10° NE Strong Basanite 
MA6 2 SW Evident ~1.5-2 <0.1-1 Discontinuous, 
no infill 
Trace 10°-12° NE Strong Basalt 
MA7 2 SW Evident ~0.5 <0.1-1 Discontinuous, 
no infill 
Trace 12°-14° NE Moderate Basalt 
MA8 2 SW Evident ~0.8 <0.1-1 Continuous, 
infill 
None 10°-12° NE Strong Basanite 
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MA9 3 UW None  ~0.6 <0.1-1 Mostly 
Continuous, 
no infill 
Trace - Moderate Limestone 
MA10 3 SW Evident ~1.5-2 <0.1-1 Mostly 
discontinuous 
Trace - Strong Limestone 
MA11 3 SW Evident ~1 <0.1-1 Mostly 
Continuous, 
infill 
Trace - Moderate Limestone 
MA12 3 CW Evident - - - Trace - Very Weak Basalt 
MA13 4 UW Evident N/A N/A N/A N/A N/A N/A Monzonite 
MA14 4 SW Evident ~0.2 0.1-2 Discontinuous, 
no infill 
Trace - Weak Syenite 
MA15 4 CW Evident - - - Trace - Very Weak Granite 
MA16 4 HW Evident - - - Trace - Very Weak Quartz 
Syenite 





Chapter 5: Petrography and Mineral Chemistry  
 
The volcanic rocks are dominant at the study site followed by igneous intrusive and the 
sedimentary units. Out of the seventeen samples 5 are basalt (MA3, MA4, MA6, MA7, MA12); 
1 sample is andesite (MA2); 2 are basanite (MA5 & MA8); 1 is trachyte basalt (MA1) and 4 
sedimentary rocks (MA9, MA10, MA11, MA17). The intrusive igneous rocks are monzonite 




Some of the major phenocrysts identified using optical microscopy are feldspars, pyroxenes, 




Most of the basalts display an aphanitic to porphyritic texture with pyroxene and plagioclase 
as the dominant phenocryst followed by orthoclase and opaques. Plagioclase and pyroxene 
phenocrysts are frequently visible in the hand specimens. Moderate amount of orthoclase is 
present in all the samples.  
 
The overall phenocryst shape in MA3 is euhedral to subhedral. It had abundance of vesicles 
filled with second order zeolites, clay and carbonate minerals. The groundmass is really fine 
with a porphyritic texture. The pyroxenes which form the dominant mineral in the thin section 
(40%) is 1 to 2 mm in size. Some show a perfect 90-degree cleavage. The augites are zoned 
and have moderate lamellar twinning. Apatite inclusion is common in the augites. 
Clinopyroxene forms the major part of the pyroxenes. The plagioclase is the second abundant 
(~30%) which mostly forms part of the matrix. It has a subhedral shape and is zoned to un-
zoned. Plagioclase microlites are common. Other minerals include olivine (<5%), orthoclase 
(10%) and the opaques namely biotite and magnetite. Mica forms a little portion of the 
section. Thin section MA6 has similar phenocrysts as MA3 and it displays a aphanitic to 




Sample MA 4 has abundance of altered plagioclase over shadowed by clay minerals and forms 
almost 60% of the whole section. Obvious altered glass is present. Agglomerate phenocrysts 
of augites show a convolute zoning. The olivine is present as pseudo morph (~10%). 
Insignificant amount of magnetite and oxides are also present.  
 
MA7 and MA12 are dominated by alteration product which is mostly clay minerals. It has 
porphyritic (MA7) and aphanitic (MA12) texture. The plagioclase is present in large amounts, 
which co-exists with clay and is mostly zoned. Zeolites, carbonates and magnetite form the 
minor mineral component. Moderate amount of altered glass is observed in both sections. 
The altered blobs in MA12 are made up of clay minerals, magnetite, carbonates and 
orthoclase mineral.  
 
Figure 15 and 19 shows the optical microscopy images for the phenocrysts present in these 




The andesite is pyroxene rich (40%). It occurs in altered forms and as augites. The phenocrysts 
are show simple twinning. The orthoclase (20%) and the plagioclase feldspar (20%) 
phenocrysts are heavily altered. Replacement of these two crystals with zeolite is obvious. The 
vesicles in the altered groundmass are also filled with zeolites. Abundance of opaque namely 
pyrite (cubic) and magnetite is present. Moderate amount of iron oxidation is noted. Thin 
section displays a holocrystalline texture. 
 
Table 10 summarises the mineralogy details of the phenocrysts.  
 
5.1.3 Trachyte Basalt 
 
The trachyte has almost equal amounts of plagioclase feldspar (35%) and pyroxene (30%) 
phenocrysts. All the crystals in the thin section have a maximum size of 2 mm, most of which 
are moderately altered. The section exhibits a porphyritic texture as all the phenocrysts are 
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larger in relation to the groundmass. An abundance of plagioclase is anhedral and appears to 
have eroded out and morphed by alteration. The pyroxenes are pseudo-morphed while the 
clinopyroxene is overhauled by the carbonates. Euhedral to subhedral pyrite (porous texture) 
is present and shows signs of iron oxidation. Substantial amount of euhedral to subhedral 
nepheline (10%) is present. The biotite (2-3%) forms the minor mineral component. The 
carbonates and the zeolites occur in vesicles and also forms the greater part of the 
groundmass. The alkali feldspar is elusive in the thin section but the norm calculation using 
XRF data indicates a 23.94% content.   
 
Figure 14 shows the optical microscopy images for the phenocrysts present in these thin 




MA5 exhibits multi laminar twinning in the plagioclase (40%). Oscillatory zoning is evident in 
these phenocrysts. The augites have an anhedral shape and majority share the same crystal 
lattice shape (simple twinning). Similar to plagioclase, the augites display an oscillatory zoning. 
The olivine is pseudo-morphed and some have altered to reddish brown. Nepheline (10%) is 
present is considerable amount. Magnetite is the only observed opaque.  The section also has 
second order zeolites, minor orthoclase, clay alteration and carbonate veins. MA8 
congregates more altered minerals forming almost 60% of section and is porphyritic. The 
pyroxene (<5%) and plagioclase feldspar (25%) form a poikilitic relationship. Zeolites make 
approximately 10% of the section. 
 
Figure 16 shows the optical microscopy images for the phenocrysts present in the thin section 




The plagioclase and orthoclase phenocrysts make up equal portions in the section totally to a 
40 percent. Followed by pyroxenes (15%), biotite (10%) and opaque (~7%). Nepheline (<5%), 
olivine (<5%) and quartz (<3%) make up the minor mineral component. Alteration products 
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adds makes up 15% of the thin section. The overall phenocryst shape is euhedral. The thin-
section (MA13) displays a poikilophitic texture since the plagioclase (bigger grain) is growing 
around the smaller grains namely magnetite, biotite and the augites. The oikocrysts (larger 
crystals) are 4-5 mm in diameter and are anhedral while the chadacrysts (interior grains-
smaller) are 0.5-1 mm in size and is euhedral.  Augites display a simple twinning and have 
inclusions in cracks.  
 
Figure 20 shows the optical microscopy images for the phenocrysts present in these thin 




The phenocrysts making up thin-section (MA15) consist of altered orthoclase (25%), quartz 
(20%), pyroxene (<5%) and (<5%) plagioclase as major minerals. While the minor minerals 
include apatite, oxides and opaque (biotite). Iron oxidation and alteration is present in 
moderate amount. Orthoclase which is slightly tabular has moderate amount of clay inclusion.  
The biotite is elongated and is 1-2 mm in size. The thin section displays a porphyritic texture 
in relation to the groundmass due to the presence of larger phenocrysts.  
 




MA14 has heavily altered sanidine making up approximately 40% of the thin-section. Followed 
by biotite and magnetite which makes up to 20 % and 10 % respectively.  Apatite and pyroxene 
form the minor minerals. Abundance of alteration is noted. Zoning is common in the sanidine 
phenocrysts. The overall texture is phaneritic. MA16 is dominated by small recrystallized 
quartz and highly altered k-feldspar making up 45% of the thin-section. Phenocrysts of biotite 
plagioclase feldspar and apatite is also observed in moderate amount. Phaneritic to 




Figures 21 and 22 shows the optical microscopy images for the phenocrysts present in these 




The limestone is dominated by calcium carbonates and microfossils. MA9 is 100% carbonate 
and is made up of 55% calcium carbonate infills and 45% microfossils. The microfossils consists 
if benthic foraminifera, shell fragments and cement texture. Minor amounts of plagioclase and 
quartz is also present. The calcites display a lamellae twinning and the overall texture can be 
classified as microcrystalline. MA10 displays a coarse texture and is made up of 40% calcite, 
40% microfossils and 20% oxide alteration. Quartz and rare plagioclase feldspar form the 
minor mineral constituent with hematite. The microfossils are infilled with carbonates. Slight 
clay alteration is also evident. Abundance of alteration makes up almost 90% of MA11 (thin-
section). The other 10% is calcium carbonate. Lamellae twinning is present in the calcites and 
the section displays a microcrystalline texture. 
 
Figure 17 and 18 shows the optical microscopy images for the phenocrysts present in these 




The sandstone is mostly made up of andesitic lithic fragments (~40%) which includes 
plagioclase, quartz, clinopyroxene and opaque. Pyroxene (~25%), microfossils/calcites (20%) 
and the clay minerals (formed from pervasive alteration of glass) makes up <5% of the section. 
Minor mineral includes olivine, nepheline, opaque and pumpellyite. Lower second order 
birefringence is noted in the augites while the clinopyroxene exhibits simple twinning.   
 
Figure 23 shows the optical microscopy images for the phenocrysts present in these thin 





    
  
Figure 14. Petrographic thin section images of MA1 under PPL, XPL and RL. (A) 10x. Ca = 
calcite, Z = zeolite. (B) RL. Ca = calcite, Mag = magnetite. (C, D) x4. Ca = calcite, Mag = 
magnetite. (E, F) x4. Aug = Augite. 
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Figure 15. Petrographic thin section images of MA3 under PPL and XPL. (A, B) x10. Cpx = 
clinopyroxene, Alt Gl = altered glass. (C, D) x10. Px = Pyroxene, Ap = Apatite. The pyroxene 
exhibits zoning. (E, F). x10. Or = orthpyroxene.  
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Figure 16. Petrographic thin section images of MA5 under PPL, XPL and AL. (A, B). x4. Px = 
pyroxene, Pl = plagioclase, Or = orthopyroxene. Abundance of alteration is also noted with 





Figure 17. Petrographic thin section images of MA9 under PPL and XPL. (A, B). x4. Ca = 
calcite. Abundance of micro fossils is also present. (C, D). x4. Ca = calcite. 
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Figure 20. Petrographic thin section images of MA13 under PPL and XPL. (A, B) x4. Cpx = 
clinopyroxene, Mag = magnetite, Bio = biotite.  (C, D)x4. Exhibits a poikilophitic texture. The 




Figure 21. Petrographic thin section images of MA14 under PPL and XPL. (A, B). x4. Chl = 
chlorite alteration. Reasonable amount of sanidine is also present.  
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Figure 22. Petrographic thin section images of MA16 under PPL and XPL. (A, B). x4. Qtz = 




Figure 23. Petrographic thin section images of MA17 under PPL and XPL. (A, B). x4. An 
overview of the thin section showing augite, altered glass, plagioclase and microfossils. (C, 
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Table 9. Petrography summary for basalt samples. The percentage of phenocryst is 





Crystal Type  Phenocryst (%)  Texture and Feature 




40 Aug, 30 Pl, 
10 Or, <5 Ol, <5 
Ap, <5 Op, <5 Z 
The augite and plagioclase are 
zoned. Low second order zeolites. 
Hosts a porphyritic texture. Has 
minor chloritisation. 
MA4 2 Plagioclase/Clay, 
Augite, Olivine, 
Magnetite, Zeolite 
60 Pl/Cly, ~10 
Aug, ~10 Ol, <5 
Mg, <5 Z 
Zoning in augite is convolute. 
Olivines occur as pseudomorphs.  
MA6 2 Plagioclase, Pyroxene, 
Olivine, Clay, Calcium 
Carbonate, Orthoclase, 
Opaques 
40 Pl, 20Px, 20 
Ol, <10 Cly, <5 
CC, <3 Or, <2 
Op 
Plagioclase is zoned. Altered glass 
and clay co-exists. Mostly 
vesicular aphinitic to porphyritic 
texture. 




~55 Al, ~10 Pl, 
~4 Ox, ~1 CC, 
~10 Z, ~20 Aug 
Plagioclase is zoned. Altered glass 
and clay co-exists. Has a 
porphyritic texture.  
MA1
2 




AlG 95, <5 Fl, 
<2 Px, <2 Qtz, 
<2 Ox 
Abundance of altered blobs. 
Aphanitic texture.  
 
 
Table 10. Petrography summary for andesite sample. The percentage of phenocryst is 





Crystal Type  Phenocryst (%)  Texture and Feature 




40 Aug/Alt, 20 
Pl, 20 Or, 10 Z, 
<5 Op, <5 Cly 
Plagioclase and pyroxene display 




Table 11. Petrography summary for trachyte basalt sample. The percentage of phenocryst 





Crystal Type  Phenocryst (%)  Texture and Feature 




30 Pl, 35 Cpx, 
10 Ne, <5 Op, 
<5 Ca, 15% 
Others 
Pseudomorphed pyroxenes. The 







Table 12. Petrography summary for basanite samples. The percentage of phenocryst is 





Crystal Type  Phenocryst (%)  Texture and Feature 




40 Pl, 20 
augite, 10 Ol, 
10 Cly, 10 Z, <5 
Ne, <5 Or   
Plagioclase shows multi laminar 
twinning and oscillatory zoning. 
The augites display a twin zoning. 
MA8 2 Alteration, Plagioclase, 
Zeolite, Pyroxene 
60 Al, 25 Pl, 10 
Z, <5 Px 
Pyroxenes and plagioclase form a 




Table 13. Petrography summary for monzonite sample. The percentage of phenocryst is 












Olivine, Quartz  
20 Pl, 20 Or, 15 
Px, 15% Alt, 10 
Bi, ~7 Op, <5 
Ne, <5 Ol, 
<3Qtz 
Twinning and inclusions in augite. 
Epidote is present (SEM-EDS 
data). Poikilophitic texture.  
 
 
Table 14. Petrography summary for granite sample. The percentage of phenocryst is 





Crystal Type  Phenocryst (%)  Texture and Feature 
MA1
5 




~25 Or, ~20 
Qtz, <5% Px, <5 
Ox, <5 Op, <5 
Pl, <5 Ap, 20% 
alt 
Elongate biotite. Displays a 







Table 15. Petrography summary for syenite sample. The percentage of phenocryst is 





Crystal Type  Phenocryst (%)  Texture and Feature 
MA1
4 




~40 Sn, 20 Bi, 
10 Mg, <5 Ap, 
<5 Px, 30% Alt  
Minor zoning in sanidine. Chlorite 
is present in minor amount. Has a 
phaneritic texture. Chloritisation 
MA1
6 
4 Orthoclase, Quartz, 
Plagioclase, Oxides, 
Opaques, Apatite, Mica 
25 Or, 20 Qtz, 
10 Pl, 10 
Oxides, <5 Op, 
<5 Ap, 10 Mi 




Table 16. Petrography summary for limestone sample. The percentage of phenocryst is 
estimated using the optical microscope. 
Samp
le ID 
Site Crystal Type  Phenocryst (%)  Texture and Feature 
MA9 3 Calcium Carbonate, 
Microfossils  
55 CC, Mf 45 Calcites display lamellae twinning. 
Displays microcrystalline texture. 
MA1
0 
3 Calcite, Microfossil, 
Oxide alteration, 
Quartz 
40 Ca, 40 Mf, 15 
Ox, 5 Qtz 
Displays a course texture.  
MA1
1 
3 Alteration, Calcium 
Carbonate, Quartz 
80 Al, 10 CC, 10 
Qtz 
Lamellae twinning in calcites. Has 
a microcrystalline texture.  
 
 
Table 17. Petrography summary for sandstone sample. The percentage of phenocryst is 





Crystal Type  Phenocryst (%)  Texture and Feature 
MA1
7 




40 Lf, ~25 Px, 
20 Mf, <5 Ol, <5 
Ne, <5 Op, <5 
Ppl  
Zoning and twinning in 
clinopyroxene phenocrysts. Iron 
oxidation (oxides) is present. 
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The An-Ab-Or (Anorthite-Albite-Orthoclase) ternary diagram (Marshall 1996) was plotted for 
representative samples using the normalised SEM-EDS data. The x-axis shows alkali feldspar 
(potassium rich) which also includes microclines. The minerals of the plagioclase feldspar 




The anorthite (An) composition for the basalts falls in the An0-100 zone. The main mineral 
composition is albite and anorthite for samples MA3 and MA4 (Figure 24). The rock sample 
MA12 falls in quadrilateral An10-30 and An37-100. Indicating the presence of oligoclase and 









Figure 24. The feldspar group ternary composition diagram for the basalt samples MA3 (a), 




Sample MA5 and MA8 show almost a similar composition. The anorthite (An) composition for 
the basalts falls in the An50-70 quadrilateral and An0-10 quadrilateral. The main mineral 
composition is ladradorite and albite respectively. Also, for MA8 a mixed composition is 
observed which falls between An10-30 and Or10-37. According to the XRD data, the mineral could 
most possible be oligoclase. Sanidine has Or37-100 composition (Figure 25). 
 
  
Figure 25. The feldspar group ternary composition diagram for the basanite samples MA5 






(c) Andesitic Trachyte 
 
Sample MA1 falls in quadrilateral An10-30 and An30-50 for the plagioclase feldspars. The minerals 
are oligoclase and andesine respectively. The alkali feldspars is indicated by quadrilaterals 
Or10-37 and Or37-100.  Refer to figure 26. The minerals are anorthoclase and sanidine.  
 
 
Figure 26. The feldspar group ternary composition diagram for the andesitic trachyte sample 




The anorthite (An) composition for the andesite is An10-30. The mineral is oligoclase. This is 








Figure 27. The feldspar group ternary composition diagram for the andesite sample MA2 (a). 




The anorthite (An) composition for the monzonite is An0-10  indicating albite. Or10-37 and Or37-
100 composition is observed on the y-axis indicating the presence of anorthoclase and sanidine. 






Figure 28. The feldspar group ternary composition diagram for the monzonite sample MA13 





Both syenite samples show almost a similar feldspar mineral composition (Figure 29). The 
orthoclase range is Or37-100 for both samples indicating the mineral is sanidine. 
 
 
Figure 29. The feldspar group ternary composition diagram for the syenite sample MA14 (a) 









The anorthite (An) range for sample MA17 is An0-10 and An10-50  indicating albite and andesine 
respectively. The oligoclase (Or) range is occurs near the Or37-100 composition thus is classified 
as sanidine. Sanidine is also consistent with the XRD results. Refer to figure 30.   
 
Figure 30. The feldspar group ternary composition diagram for the sandstone sample MA17 





The ternary diagram for common rock forming pyroxenes (Marshall 1996 and Morimoto 1988) 
was plotted for representative samples using the normalised SEM-EDS data (Figure?).  
(a) Basalt  
 
The pyroxene (wo-en-fs) plot for rock samples MA3 indicate the presence of a range of 
minerals from the pyroxene group. These pyroxenes are classified as diopside, augite and 
pigeonite minerals with Mg# of approximately 0.8. The result is consistent with the XRD data 







Figure 31. The composition ranges of the Ca-Fe-Mg clinopyroxenes and orthopyroxenes for 
basalt sample MA3 using the SEM-EDS data. Modified from Marshall 1996 and Morimoto 
1988. 
 
MA4 (Figure 32) has abundance of diopside, augite and the pigeonite minerals. The Mg# of 
the minerals is approximately 0.7. Abundance of augite is noted in the thin-section samples 




Figure 32. The composition ranges of the Ca-Fe-Mg clinopyroxenes and orthopyroxenes for 






Petrographic analysis of minerals present in potential aggregates is an integral step in 
determining their most appropriate use. Plagioclase feldspar, k feldspar, zeolites, rare quartz 
and opaques were the main minerals in all the silicate samples. On the other hand, the 
limestone samples consisted of 90 to 100 percent calcite. Apatite, chlorite and nepheline were 
present as accessory minerals in some of the samples. A summary of the petrographic 
observations is given in Tables 9 to 17. 
 
 The common constituents of the volcanic and igneous rocks such as feldspars and pyroxenes 
have been studied in detail in the next few chapters of this thesis.  The most common minerals 
that occur in the igneous and metamorphic rocks are the feldspars, with plagioclase observed 
in all of the samples, with k feldspar next in abundance.  Some of the feldspars had a near 
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perfect cleavage while others were highly altered. According to Tuğrul and Zarif (1999), the 
cleavable property of the feldspar reduces the aggregate strength while the presence of 
quartz minerals in an interlocking pattern increases the rock strength.  Quartz was observed 
in only a few of the thin sections and is most abundant in the syenite sample (MA16).  
 
A combined An-Ab-Or (Anorthite-Albite-Orthoclase) ternary plot for samples MA1-MA5; MA8; 
MA12-MA13; MA16-MA17 further classifies the type of feldspar present in these samples. The 
plagioclase composition varies from albite-oligoclase-andesine-labradorite for all the different 




Figure 33. A combined ab-an-or plot for the feldspar showing the abundance of variations 
in feldspars in a total of 10 different rock samples. Modified from Marshall 1996. 
 
 
The pyroxenes minerals act in a similar manner to feldspar minerals in reducing the rock 
strength, especially when they are altered (Yaşar and Erdoğan 2004). Altered forms of 
pyroxene are hornblende (which can also be primary) and chlorite. Chlorite was observed in 
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the syenite (MA14) and basalt (MA3) thin section while MA1 (trachyte basalt) has minor 
hornblende phenocrysts.   
 
Zeolites occur frequently in the basalt and the basanite sample. In basanite samples MA5 and 
MA8, approximately 10% of the total phenocrysts are zeolite. The zeolite phenocryst is 
estimated to be between 5-10 % in the basalts (MA3, MA4 and MA7). Natural zeolites have 
proven to decrease permeability, enhance durability, increase strength and minimize cracking 
in a concrete mix (Naiqian et al. 1998 and Vejmelková et al. 2015).  This means that the 



























Chapter 6: Whole Rock Geochemistry and Rock Classification 
 
All the seventeen samples were subjected to bulk a trace element analysis using X-ray 
florescence spectroscopy (XRF) by the Australian Laboratory Services based in Brisbane, 
Australia.    
 
The volcanic and sedimentary rocks were studied as part of this thesis. The volcanic rocks 
occur at site 1 (sample identification code: MA1, MA2, MA3), site 2 (sample identification 
code: MA4, MA5, MA6, MA7, MA8), and site 3 (sample identification code: MA12). Namely 
basalt, trachyte basalt, andesite and basanites. The igneous volcanic rocks were obtained from 
site 4 (sample identification code: MA13, MA14, MA15, MA16). This includes rocks of intrusive 
origin such as monzonite, granite and syenite. Site 3 and site 5 hosts rocks of sedimentary 
origin that is limestone and sandstone. These units are represented by sample identification 
code MA9, MA10, MA11 and MA17 respectively. The rock names were classified based on the 
field observation, petrography study and mineral chemistry (XRF and XRD analysis).  
 
6.1 Whole Rock Geochemistry 
 
The major and trace element analysed using the x-ray fluorescence spectroscopy (XRF) 
enabled the plotting of total alkali silica content (TAS) diagram (Maitre et al. 2005) to 
determine the volcanic and igneous rocks. Table 18 and 19 displays' the major and trace 










Table 18. Major element concentrations based on the XRF data.  
Sample 
ID 
Rock Type SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 TiO2 MnO P2O5 Total LOI 
  
% % % % % % % % % % % % % 
MA 1 Trachy 
andesite 
49.5 17.55 8.6 8.51 3.8 3.18 3.9 <0.002 0.63 0.14 0.47 100.89 4.37 
MA 2 Andesite 57.9 15.95 11.3 0.53 2.6 0.71 3.59 0.009 1.43 0.08 0.26 101.62 7.25 
MA 3 Basalt 49.1 11.9 10.7 9.15 8.27 1.73 2.36 0.033 0.66 0.21 0.93 99.48 4.28 
MA 4 Basalt 45.7 18.7 11.5 9.04 5.05 2.99 1.5 <0.002 1.09 0.23 0.27 100.7 4.55 
MA 5 Basanite 44.4 18 10.8 7.61 4.85 4.54 1.08 <0.002 1.04 0.24 0.26 99.87 6.97 
MA 6 Basalt 49.8 21.6 8.31 9.44 3.5 1.29 0.47 0.011 0.51 0.11 0.01 99.65 4.58 
MA 7 Basalt 49.9 18.05 10.95 4.74 4.05 1.3 1.28 0.005 0.58 0.12 <0.01 100.32 9.29 
MA 8 Basanite 42 18.45 10 7.93 5.09 5.79 0.61 <0.002 0.97 0.35 0.32 100.83 9.28 
MA 9 Limestone 0.32 0.18 0.07 54.9 0.43 0.01 0.02 <0.002 0.01 0.01 0.01 99.86 43.86 
MA 10 Limestone 6.75 2.35 1.49 47.7 0.54 0.03 0.46 0.002 0.16 0.01 0.02 98.72 39.18 
MA 11 Limestone 1.45 0.49 0.43 53.9 0.36 0.03 <0.01 <0.002 0.03 0.01 0.01 99.84 43.11 
MA 12 Basalt 49 23.9 7.66 3.27 1.83 0.79 1.63 0.005 1.23 0.01 0.05 98.55 9.16 
MA 13 Monzonite 48.8 17.9 8.62 9.35 4.05 3.42 4.17 <0.002 0.72 0.2 0.5 99.72 1.75 
MA 14 Syenite 53.8 21.2 6.47 0.65 2.62 1.12 10.3 <0.002 0.58 0.27 0.65 100.93 3.08 
MA 15 Granite 46.1 27.8 9.51 0.42 1.18 0.3 4.77 0.003 0.73 0.17 0.29 99.9 8.5 
MA 16 Syenite 63.8 17.25 2.67 1.26 0.31 1.38 11.7 <0.002 0.46 0.01 1.32 101.66 1.14 
MA 17 Sandstone 43.7 13.3 9.35 11.9 6.66 2.73 1.62 0.014 0.82 0.14 0.56 99.04 8.07 
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6.2 Rock Classification 
 
6.2.1 Volcanic Rocks 
 
The rocks were classified according to their mineral composition. The volcanic rocks were 
classified based on its total alkali silica content (TAS diagram) which is modified from Maitre 
et al. (2005). The hypothesis was tested using immobile elements namely zirconium, titanium, 
niobium and yttrium plots. This method helped in identifying the original rocks as most of the 
samples were highly altered which concealed the major minerals.  According to Winchester 
and Floyd 1977 the concentration of immobile trace elements (such as Ti, Zr, Y, Nb, Ce, Ga, 
and SC) present in un-weathered volcanic rock types helps in categorising the differentiation 
products of sub alkaline and alkaline magma series. Using immobile elements for rock 
classification is comparable to methods such as normative and major element indices.  
 
The TAS diagram (Figure 34) shows that rock samples MA3, MA4, MA6, MA7 and MA12 are 
basic basalts. The silica content is between 45 to 50% which is the normal for the basalts. The 
result is consistent with the petrography analysis. The andesite has a silica content between 
57% to 63% with the total Na2O and K2O less than 6%. The basanites are consistent with the 
TAS diagram as the thin section and the XRD data show abundance of augite and albite 
(plagioclase) present in rock sample MA5 and MA8. Oxidised magnetite is also evident in the 
thin section. The basalts, andesite, trachyte basalt and the basanites are in agreement with 
the Zr/TiO2 vs Nb/Y (Figure 35). The trace element plot was drawn to test the hypothesis for 
the rocks present in TAS diagram. The sample numbers in question are basically crowded on 
the Zr/TiO2 vs Nb/Y which is usually the case for the altered samples.  
 
These immobile elements are usually low for the volcanic rocks.  Rock sample MA13, MA14, 
MA15 and MA16 is not in agreement with the trace element diagram. The TAS diagram 
indicates that these samples are alkaline, with high silica content while the trace element 
diagram shows that these rocks have very low Nb. Thus, the rocks were plotted on the QAP 
ternary diagram. Samples MA13 to MA16 were also hypothetically tested for being trachytic. 
An Rb-K2O plot was constructed to test the hypothesis for trachytic members as plotted in the 
TAS diagram. The rubidium-potassium ratio shows little change and falls slightly for the 
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trachytic members (Baker et al. 1964). This was not the case as seen in figure 36 and table 20. 
The plot indicates an increase in k-feldspar which is usually true for the plutonic rocks thus all 





Figure 34. The TAS diagram plotted for the volcanic rocks showing the possible rock types. 
Samples MA13, MA14, MA15 and MA16 were re-plotted on the QAPF diagram. Modified 
from Maitre et al. (2005) 
 
 
Table 20. The total silica-alkali calculation using the XRF data. This table was used for 


























































Sample ID Site Nb (ppm) Ti ()ppm Y (ppm) Zr (ppm) Nb/Y Zr/Ti
MA1 1 1.4 3776.528 17.7 60 0.079096 0.015888
MA2 1 1.6 8572.119 26.9 85 0.05948 0.009916
MA3 1 1.5 3956.363 21.2 100 0.070755 0.025276
MA4 2 1.8 6533.993 20.7 65 0.086957 0.009948
MA5 2 1.8 6234.269 19.2 61 0.09375 0.009785
MA6 2 <0.2 3057.189 10.3 17 0.005561 0.005561
MA7 2 <0.2 3476.804 7.4 20 0.005561 0.005752
MA8 2 1.6 5814.654 18.2 56 0.087912 0.009631
MA12 3 6 7373.221 101.5 200 0.059113 0.027125
MA13 4 1.4 4316.032 19.6 61 0.071429 0.014133
MA14 4 1.9 3476.804 21.6 95 0.087963 0.027324
MA15 4 3.4 4375.977 47 110 0.07234 0.025137




Figure 35. The Zr/TiO2 vs Nb/Y plot showing the defining the common volcanic rocks. 


















































Figure 36. Rb-K2O plot shows a proportionate increase in both elements thus ruling out the 
possibility of MA13 to MA 16 as a trachytic rock.  
 
 
6.2.2 QAP Plot 
 
The quartz-alkali feldspar-plagioclase feldspar (QAP) ternary plot was used to classify rocks of 
igneous origin (Figure 37). Rock samples MA13 to MA16 was plotted on this as these samples 
show a phaneritic texture. The concentration of quartz-alkali feldspar-plagioclase feldspar was 
obtained from the XRF analysis. These were recalculated to a sum of 100 percent using the 
CIPW norm calculator. MA13 and MA15 is satisfactorily classified as monzonite (or diorite) 
and granite respectively. The rock samples MA14 and MA16 is given the name syenite and 
quartz syenite respectively based on its coarse texture and the presence of alkali feldspars. It 
should be noted that these two rock samples were highly weathered where almost more than 
50% of its matrix has been disintegrated. These samples were collected as samples 






Figure 37. The quartz-alkali feldspar-plagioclase ternary diagram for rock sample MA13, 
MA14, MA15 and MA16. Modified from Streckhesen (1967) 
 
 




The limestone was classified based on the calcium oxide wt % as obtained from the XRF data 
analysis and the loss of ignition. Table 21 shows the calcium carbonate percentage in relation 
to the loss of ignition at 1000°C for the limestone samples. 
 
Table 21. The calcium carbonate percentage in relation to the loss of ignition for limestone 
samples.  
Sample ID CaO wt.% LOI MgO 
MA9 54.9 43.86 0.43 
MA10 47.7 39.18 0.54 










These samples are of andesitic origin as was confirmed using the spider diagram and is proven 




Together with the TAS and the QAP plot the chondrite normalised trace element diagram 
(spider diagram) confirms the origin of the rocks (Figure 38). Most of the silicate samples have 
a similar chondrite-normalised REE pattern. It shows a significant enrichment of the light REEs 
relative to the heavy REEs.  
 
 
Figure 38. Chondrite normalised trace element diagram for volcanic and igneous rocks. 
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6.4 Rock Weathering 
 
The bulk compositions using XRF molar data (Figure 39) and feldspar mineralogy of bedrock 
of the study sample is compared to determine the effects of weathering and sorting (e.g. 
Nesbitt et al., 1996). As is common, ternary diagrams were created for these bulk 
compositions and the abundance of data from the SEM-ED analysis for the feldspar minerals. 
The ternary diagrams (Figure 39) have plotted the molar proportions of Al2O3 (A apex), CaO* 
+ Na2O (CN apex), and K2O (K apex), where CaO* represents CaO incorporated into silicate 
minerals (Nesbitt and Young 1984, 1989). The A-CN-K plot shows plagioclase (Pl) and k-
feldspar (Ks) plot at 50% Al100 on the left and right boundaries, respectively, to form the 
"feldspar join" (Nesbitt et al. 1996). The minerals biotite (Bi) plots with k-feldspar, augite and 
amphiboles near the CN apex, and calcite plots at the apex. Illite (IL), smectites (Sm) and 
muscovite (Mu) plot on the diagram at 70 to 85% Al100. The clay mineral groups, kaolinite and 
chlorite, and gibbsite plot at the A apex (100% Al2O3).  
 
The bulk XRF data shows wider distribution of the minerals, ranging from plagioclase feldspar 
which shows a higher concentration than the alkali feldspar and illite and muscovite. Most 
probably the data for the illite and muscovite were overshadowed or got relatively enriched 
with the plagioclase data. The ternary plot is consistent with the data obtained using XRD 
technique as a majority of these minerals were also identified by bulk sample or clay mineral 
XRD. According to Basu (1976), the climate modifies the mineral composition which affects 
the mineral composition. This holds true for this set of samples as these rocks occur in a 
temperate climate with high humidity whereby minerals are altered into the clay minerals 
illite and smectite. The samples appear more altered by the XRF analysis than estimated by 






Figure 39. A-CN-K diagram plotted using the bulk XRF analysis data (molar proportions). 
Al2O3-CaO + Na2O-K2O data is in molar percentage. A = Al2O3, CN = CaO + Na2O, K = K2O, sm 
= Smectite, Il = Illite, Ks = k-feldspar, Pl = Plagioclase. Adapted from Nesbitt and Young (1984 





A total of 13 different silicate rocks were identified using the TAS (Figure 34) and QAP (Figure 
37) ternary plots. The rocks were divided into volcanic and igneous rocks. According to the 
spider diagram (Figure 38: chondrite normalised plot), the sandstone sample MA17 Has 
andesite in its source region, in agreement with the petrography, as where andesitic lithic 
fragments (containing plagioclase, clinopyroxene and quartz) were found in this sample.  
 
 In terms of natural aggregate, basaltic rocks have been extensively used in numerous 
industrial applications but the most extensive application is in the construction industry 
(Engidasew and Barbieri 2014). These rocks are used widely as aggregate materials in cement 
concrete, rock fill dams and high way base courses (Smith and Collis 2001). According to 
104 
 
(Engidasew and Barbieri 2014) basalts with fine grained aphanitic texture with the absence of 
any phenocrysts in the groundmass (aphyric) are classified as “superior” in terms of 
mechanical and physical properties in comparison with olivine-plagioclase basalt.  In contrast 
the study samples basalt and the basanite samples obtained for this study contain highly 
altered minerals thus these rocks can be used as building stone and coarse aggregate for the 
concrete mix (Engidasew and Barbieri 2014). 
 
The syenites and granitic rocks have biotite present. Samples MA14, MA15 and MA16 are 
highly weathered.  Physical weathering can lead to weakness in weathered rocks and thereby 
trigger loss in strength (Momeni et al. 2015). Thus, MA16 is classified as a poor natural 
aggregate in terms of strength. 
 
The limestone samples obtained in the study area can be classified as a superior natural 
aggregate in terms of weathering and strength. According to Tugrul and Zarif (2000), with the 
increase in weathering, the percentages of sio2, Al2O3, Fe2O3, Na2O and K2O with a decrease 
in CaO and LOI. These elements make up the chemical component of the limestones and 
affects the rock strength. The study samples MA9-MA11 have a totally opposite percentage 
as shown in table 22. 
 
Table 22. The elemental makeup of limestone. Table based from Tugrul and Zarif (2000). 
Sample 
ID 












MA 9 Limestone 0.32 0.18 0.07 54.9 0.01 0.02 
MA 10 Limestone 6.75 2.35 1.49 47.7 0.03 0.46 
MA 11 Limestone 1.45 0.49 0.43 53.9 0.03 <0.01 
 
Any rock used as aggregate or building stone needs a very refined testing to match its usage. 
Petrographic and geochemical analysis is not sufficient to determine the best possible use for 





Chapter 7: X-Ray Powder Diffraction Analysis 
 
A total of seventeen samples were subjected to bulk mineral analysis. While only 
representative samples (total of 11) were subjected to clay analysis. The purpose was to 
identify the fine- grained minerals such as clays and the mixed layer clays that were difficult 
to identify using the optical microscope or SEM-EDS method. In particular the clays were 
studied in detail. The expansive clays such as smectite group of minerals have a very intense 
shrink-swell capacity. This poses as a hazard when used as aggregates for construction. Bulk 
analysis results were used to understand the consistency of the minerals identified using the 
optical microscope and the SEM-EDS analysis. Table 23 summarises the result for the bulk 
analysis. 
 
7.1 Bulk analysis 
 
The bulk XRD analysis was also conducted on a PANalytical X'Pert-Pro MPD PW3040/60 
Diffractor, at 30mA α 40kV over a range of 3 to 80°C 2θ with a step size of 0.008° and time per 
step of 6.045 seconds. The study result shows that bulk of the minerals identified have a 
consistency with the optical microscopy and the SEM-EDS datasets. The results were obtained 
as semi-quantitative.  
 
The basalts represented by sample MA3 is calico olivine rich and has abundance of orthoclase 
and augites present. Chloritisation is indicated by the presence of the clinochore mineral. 





Figure 40. Bulk XRD graph for rock sample MA3. 
 
Rock sample MA4 (basalt) is dominated by phillipsite which is part of the zeolite mineral series. 
Sodian rich anorthite and albites control the rest of the peak in the graph. Out of all the basalt 
sample, MA6 (basalt) has the second most alteration minerals present which includes kaolinite 
and the vermiculites. Vermiculite is a form of expanding clay and is known to expand profusely 
when heated. Vermiculite has a lower shrink-swell property than montmorillonites. One of 
the possible reason the vermiculites were not detected in the clay XRD analysis is because it 
would have been obscured by the presence of kaolinite which has the same basal spacing. The 
possible primary mineral for the vermiculites is biotite mineral (or any mica mineral). The 
presence of vermiculite may pose a problem in utilizing this rock type as aggregate (Figure 41).   
 
 




MA7 (basalt) is mostly dominated by chabazites which actually matches with the amount of 
zeolites present in the hand specimen while the optical microscopy showed abundance of 
zeolite infills in the matrix of the thin section. Moderate amount of diopside form the 
pyroxene group of minerals is also present and dominates similar peaks as the chabazites. The 
only clay mineral present is montmorillonite (Figure 42).  
 
 
Figure 42. Bulk XRD graph for rock sample MA7. 
 
Sample MA12 (basalt) shows an amorphous texture which can be related to the high amount 
of altered glass observed in during petrography study. The sample is dominated by clay 
minerals namely montmorillonite and kaolinite which makes it the most altered basalt 
samples out of the other four samples. The quartz and orthoclase form the other mineral 






Figure 43. Bulk XRD graph for rock sample MA12. 
 
The XRD results for trachyte basalt indicate that rock sample MA1 (trachyte basalt) mainly 
consists minerals form the feldspar group. The microcline and the albites occur almost in equal 
amounts. The microcline are the potassium rich minerals while albites form part of the 
plagioclase group. The albites are mostly calcian rich. The alteration products are clinochlore 
(ferroan rich) and the illites. Moderate amount of magnesiohornblende is also observed 
forming a really good peak. The alteration products are in agreement with the optical data as 
abundance of clay alteration was observed in the thin-section petrography (Figure 44).  
 
 
Figure 44. Bulk XRD graph for rock sample MA1. 
 
Sample MA2 (andesite) detected a high amount of quartz and albite minerals. Moderate 
amount of pyrite was also noted which can be referenced to the substantial amount of 
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oxidation noted in the sample. The alteration products include iron rich clinochlore and the 
illites (Figure 45). 
 
 
Figure 45. Bulk XRD graph for rock sample MA2. 
 
Sample MA5 (basalt) and MA8 (basalt) is dominated by the albites and the augites form the 
feldspar and the pyroxene group of minerals. The albites in these basanite samples are calcium 
rich. The other minerals present in large quantity is sodium rich chabazite, analcime and 
phillipsites of the zeolite mineral group (Figure 46 and 47).  
 
 





Figure 47. Bulk XRD graph for rock sample MA8. 
 
As anticipated samples MA9, MA10 and MA11 has 100% calcite minerals as all three samples 
are limestone. The latter two have slight amounts of perovskite and quartz respectively. MA 
11 (limestone) also shows minor amount of clay minerals and the orthoclase. This could be 
possible as sample MA12 (basalt) occurs in vicinity of the limestone units and has abundance 
of feldspar minerals (Figure 48, 49 and 50). Perovskite is a calcium titanium oxide mineral 









Figure 49. Bulk XRD graph for rock sample MA10. 
 
 
Figure 50. Bulk XRD graph for rock sample MA11. 
 
The graph for MA13 (monzonite) shows almost equal amounts of orthoclase and albites which 
is almost always the case for monzonite rocks. Analcime forms the minor mineral constituent 





Figure 51. Bulk XRD graph for rock sample MA13. 
 
Granite sample (MA15) shows almost 25 % k-feldspar and 10% plagioclase phenocrysts during 
optical petrography. The clay minerals have formed from these feldspar minerals namely illite 
and kalonite (Figure 52).  
 
 
Figure 52. Bulk XRD graph for rock sample MA15. 
 
Sample number MA14 and MA16 is categorised as syenite and quartz syenite respectively. 
Sample MA14 has high amount of orthoclase, biotite and sanidine mineral. Whilst MA16 is 
dominated by only orthoclase and sanidine. The minor minerals present are quartz and biotite. 
The only altered mineral observed in sample MA14 is clinochlore indicating chloritisation 





Figure 53. Bulk XRD graph for rock sample MA14. 
 
 
Figure 54. Bulk XRD graph for rock sample MA16. 
 
Sandstone (MA17) is dominated by albites and augites. Which hold true as the thin section 
results showed andesitic lithic fragments composed of plagioclase and clinopyroxene 
minerals. Calcite and analcime minerals are present in slight amounts followed by clinochlore 














Table 23. Summarised mineral components for the bulk analysis using XRD PANalytical X'Pert-Pro MPD PW3040/60 Diffractor. 
 
Sample ID MA1 MA2 MA3 MA4 MA5 MA6 MA7 MA8 MA9 MA10 MA11 MA12 MA13 MA14 MA15 MA16 MA17 
Rock type Trachyte 
Basalt 
Andesite Basalt Basalt  Basanite Basalt Basalt Basanite Limestone Limestone Limestone Basalt Monzonite Syenite Granite Quartz 
Syenite 
Sandstone 





    
x 
   
x 
Anorthite 








        
x x x x X 
 
Sanidine 






                
Augite 
  
x x x 
  
x 
        
x 
Diopside 
      
x 




              
Hornblende x 
                
Calcite 
       
x X x x 





       
x x x 












               
Phillipsite 




         
Chabazite 




         
Analcime 




    
x 
   
x 
Kaolinite      x      x   x   
Montmorill-
onite 




    
x 
     
Illite x x x             X x 
Clinochlore x x x           x   x 
Vermiculite 
     
x 
           
Perovskite 
         
x 
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7.2 Clay Analysis 
 
Clay XRD analysis was conducted on a PANalytical X'Pert-Pro MPD PW3040/60 Diffractor, at 
30mA α 40kV over a range of 3 to 21°C 2θ with a step size of 0.008° and time per step of 
15.035 seconds. A total of 11 samples out of the 17 samples were analysed for clay minerals 
using the 3 methods (that is as untreated, ethlylene glycol and at 450°/550°). Only samples 
MA1, MA2, MA7 and MA13 were treated at 450° whereas the rest were heated to 550°. Lower 
degree of heating made helped distinguish the chlorite minerals (Biscaye 1964). It becomes 
really difficult to distinguish chlorite from kaolinite minerals as both have a similar d-spacing. 
Representative samples were selected based on the petrography study and the bulk XRD 
analysis followed by the analysis of the untreated clay fractions. In the beginning all the 
samples were settled using the de-ionised water and smears were prepared out the clay 
fractions (refer to methods section for a detailed methodology). The untreated smears were 
analysed first. The unresponsive samples were excluded from the second and the third step 
(ethylene glycol treated and the oven heated ones) of the analysis.  The total number of 
samples analysed for clay is 11. Which includes sample number MA12, MA4, MA7, MA1, MA2, 
MA3, MA13, MA14, MA15, MA16 and MA17. The major clay mineral detected were illite, 
kaolinite, montmorillonite and chlorite. Mixed layers were also detected and cannot be 
named for sure as the mineral peaks were ambiguous and were overshadowed by background 
noise. Refer to table 24 for a summary of the clay minerals in the various rock samples.  
 
Table 24. Summarised mineral components for the clay analysis using XRD PANalytical 
X'Pert-Pro MPD PW3040/60 Diffractor. xx (double xx) indicates that the respective clay 
mineral was also detected in the bulk sample analysis. MC = “minor clay” detected. 
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Samples MA17 (sandstone), MA15 (monzonite), MA3 (basalt) and MA4 (basalt) had definite 
kaolinite mineral. The XRD patterns of the kaolinite peaks showed the presence of ~7.1 Å for 
the untreated and the ethylene glycol (CH2OH)2 samples.   The peaks were destroyed when 
heat at 450°C and 550°C for the same sections. While MA2 (andesite) was overshadowed by 
the background noise and the kaolinite mineral in MA12 (basalt) was dominated by the 
amorphous component. The amorphous component is the result of abundance of altered 
glass as observed in the thin section. Refer to figures 58, 59, 63 and 64.  
 
Sample codes MA3 (basalt) and MA7 (basalt) have definite amount of the montmorillonite 
minerals. The XRD pattern for the untreated smears is between 14-15 Å. The peaks get 
strongly affected by the (CH2OH)2 saturation and show d-spacing at ~17 to ~17.1. After heating 
the samples, the peaks shifted to ~9.5 for all the montmorillonites. The montmorillonite 
minerals in the sample MA12 (basalt) were once again overshadowed by the presence of the 
amorphous texture. MA15 (monzonite) and MA17 (sandstone) showed some questionable 
peaks occurring between 14-15 Å (d-spacing). Refer to figures 58, 59, 60 and 62. 
 
Illite minerals make up the clay components in MA16 (quartz syenite), MA15 (granite) and 
MA2 (andesite). The peaks for the untreated samples are noted between 10 – 10.1 Å. The 
(CH2OH)2 treated samples show no shift in peak whilst the heated samples show little change 
in peaks which is usually 10.1 Å. Refer to figures 57, 61 and 63. Chlorite peaks (Figure 56 and 
57) for the untreated and the glycolated samples (MA1 and MA2) stays at 7Å. The heated 
samples show a huge shift to 13.2Å.  
 
The samples treated with ethylene glycol helped in identifying the nature of the non-swelling 
clays such as illite and chlorite in the samples. It also helped distinguish the swelling clays such 
as montmorillonite. Other swelling clays that possibly can be differentiated include di-or 
trioctahedral high-charge or low-charge smectite and vermiculites (Mosser et al. 2005).   





Figure 56. XRD clay analysis showing chlorite peaks in sample MA1. 
 
 
Figure 57. XRD clay analysis showing illite and chlorite and chlorite peaks in sample MA2. 
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Figure 58. XRD clay analysis showing montmorillonite and kaolinite peaks in sample MA3. 
 
 
Figure 59. XRD clay analysis showing montmorillonite peaks in sample MA4. 
Position [°2θ] (Copper (Cu))














Position [°2θ] (Copper (Cu))































Figure 60. XRD clay analysis showing montmorillonite peaks in sample MA7. 
 
 
Figure 61. XRD clay analysis showing illite peaks in sample MA13. 
Position [°2θ] (Copper (Cu))














Position [°2θ] (Copper (Cu))




































Figure 62. XRD clay analysis showing montmorillonite peaks in sample MA14. 
 
 
Figure 63. XRD clay analysis showing illite and kaolinite peaks in sample MA15. 
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Figure 64. XRD clay analysis showing kaolinite peak in sample MA17.
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Mineral alteration in this study involves a wide range of geological processes such as burial 
diagenesis, deuteric reactions and hydrothermal alteration (Dobrovolsky et al. 1979). The 
application of clay minerals in engineering is related to the structure and composition and 
different clays can be used differently during the manufacture and development processes 
(Murray 1991).   
 
In these aggregate samples, kaolinite is commonly observed by XRD in both the bulk and clay 
mineral fraction. For the seven specimens containing kaolinite, it can be attributed to chemical 
weathering of the primary minerals' plagioclase and alkali feldspar.  As for sample MA15 
(granite) has abundance of potassium rich feldspar so the major kaolinite constituent would 
have weathered from these minerals including the minor plagioclase feldspar minerals.  
Because kaolinite has a low swell-shrink volume when compared to montmorillonite, its 
occurrence as a secondary mineral would not be very likely to negatively impact the quality of 
aggregates.  
 
Illite, another non-expanding clay mineral, is also fairly common in these aggregates (rock 
samples).  It was observed to occur in seven of the rock samples. Illite mineral are the 
characteristic of weathering in temperate climates as is true for this study. Kaolinite minerals 
are more prone to weathering, leached of soluble cations, hence not as good for farming or 
other non-aggregate uses. Whilst illite can be characterised as a better aggregate component, 
with the cations (K, Ca or Mg) preventing the water from entering the structural layers. This 
feature characterises illite as a non-expanding clay. 
 
Montmorillonite is the second least abundant clay mineral detected in the samples. The 
possible source of these minerals is the alteration of zeolite and other mafic minerals (e.g. 
augite) which are present in moderate amount in basalt rock (sample identification code: 
MA3, MA4, MA5, MA7 and MA12). Montmorillonites forms part of the expanding clay family 
and is the most common clay mineral of the smectite group. Due to its swelling property this 




Chlorite is present in only two aggregate rocks, the trachyte basalt (MA1) and the andesite 
(MA2). The possible primary minerals that altered to chlorite are hornblende in MA1 and 
augite in sample MA2. Chlorite is not a swelling mineral, so it is likely not to impact the quality 
of these rocks as aggregates. 
 
Figure 65 summarises the possible mineral alteration trends as discussed in the context above. 
Craw et al. (1995) suggests that the non-oxidized alteration results from rather reduced 
groundwater interacting with the host rocks through which it flows. The oxidation and non-
oxidation indices were observed in field for this study. Original rocks in contact with 
groundwater results in oxidation (Charmberlain et al. 1999). 
 
Figure 65. A credible schematic diagram of clay mineral transformation as discussed in this 











Chapter 8: Conclusions 
 
The aim of this thesis was to: 
 
o Undertake petrographic examination of the rock samples collected using optical microscopy. 
o Understand the chemical composition of major minerals using SEM-EDS. 
o Verify the mineralogy and geochemistry of the samples using X-ray diffraction and X-ray 
fluorescence. 
o Relate the findings to the suitability of the samples as aggregate in terms of future 
infrastructure and manufacturing process.  
 
The first objective was successfully achieved. As all of the samples were subjected to 
petrographic investigation. Mineralogical composition is one of the main properties that 
control the rock strength. The minerals that occur in abundance in the silicate samples are 
plagioclase feldspar, k-feldspar, zeolite, rare quartz and opaques while apatite, chlorite and 
nepheline together with oxides formed the accessory mineral component. Limestone samples 
consists of almost 100 percent calcium carbonates.  
 
The second objective was achieved by plotting of ternary plots for feldspar and pyroxene 
minerals. The An-Ab-Or (Anorthite-Albite-Orthoclase) ternary diagram was plotted for 
representative samples. The diagrams indicate that the plagioclase composition of the 
feldspar is albite-oligoclase-andesine-labradorite for all the different silicate rocks and the 
allkali feldspars include sanidine and anorthoclase minerals. The pyroxene ternary plot, wo-
en-fs indicate the presence of diopside, augite and pigeonite in samples MA3 and MA4, which 
have an Mg# of 0.7 and 0.8 respectively.  
 
The third objective enabled a thorough understanding of the relationship between the major 
and the trace elements. TAS ternary plots for the volcanic rocks and QAP plots for igneous 
rocks were plotted for rock classification. These helped in the rock classification process. The 
XRF and XRD data helped in confirming the minerals observed optically. The minerals were 
consistent in all the different studies. In addition, the XRD analysis helped in identifying the 
different clay minerals present in the samples. The major clay minerals observed are illite, 




The last objective is achieved in terms of physical and structural characteristic. The field 
observations were successfully compared to the findings by other writings and a predictive 
aggregate grade in terms of strength and weathering was assigned were assigned to the 
different rock samples. Further discussion was undertaken based on the rocky type and its 
possible sue as aggregates. In addition, the problems related to the presence of clay minerals 
in aggregates was discussed.  
 
8.1 Future Work 
 
Further assessment of aggregate durability can be undertaken via a tumbling experiment 
imitating the field environment (Cox and Nibourel 2015). The tumbling experiment can consist 
of different rock types which would be subjected to water in a concrete mixer. The results 
obtained during this experiment would determine the strength of the rocks. More highly 
disintegrated rocks correspond to lower durability to mechanical weathering since smaller 
pieces provide more surface area for chemical reaction to occur (Smith and Collis 1995). In a 
real scenario, the mechanical and chemical weathering are inter-related, thus over time, the 
chemical weathering leads to further mechanical weathering by weakening the outer portions 
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Appendix B: Normative mineralogy for silicate minerals (CIPW calculation using XRF bulk data). 
 




MA 1 MA 2 MA 3 MA 4 MA 5 MA 6 MA 7 MA 8 MA 12 MA 13 MA 14 MA 15 MA 16 MA 17 
qz 0.00 31.12 0.00 0.00 0.00 10.45 15.87 0.00 27.39 0.00 0.38 20.20 10.13 0.00 
an 22.95 0.99 18.67 34.53 27.52 49.21 25.77 24.64 17.79 21.67 -1.04 0.21 -2.36 21.21 
ab 17.56 6.37 15.41 20.92 23.41 11.49 12.09 16.19 7.48 9.22 9.70 2.78 11.66 10.32 
or 23.94 22.49 14.68 9.23 6.88 2.92 8.31 3.94 10.78 25.21 62.33 30.88 69.03 10.55 
en 3.45 6.86 18.61 2.15 2.38 9.17 11.09 3.59 5.10 4.55 6.68 3.22 0.77 9.38 
fs 4.13 14.71 12.91 2.51 2.72 11.68 16.24 3.61 10.04 5.05 8.54 13.65 3.07 6.83 
wo 7.63 0.14 9.85 4.70 5.15 0.19 0.22 7.33 0.02 9.71 0.45 0.31 0.02 16.87 
fo 4.47 0.00 2.15 7.67 7.45 0.00 0.00 7.19 0.00 4.04 0.00 0.00 0.00 6.23 
fa 5.89 0.00 1.64 9.89 9.38 0.00 0.00 7.98 0.00 4.95 0.00 0.00 0.00 5.00 
ap 1.16 0.65 2.32 0.67 0.66 0.02 0.03 0.83 0.13 1.21 1.58 0.75 3.12 1.46 








Appendix C: Chemical Index Alteration for the silicate rocks (calculated using the XRF data). 
 
   
MA 1 MA 2 MA 3 MA 4 MA 5 MA 6 MA 7 MA 8 MA 12 MA 13 MA 14 MA 15 MA 16 MA 17 
   
1 1 1 2 2 2 2 2 3 4 4 4 4 5 
   
UW MW HW SW UW SW MW MW CW UW MW CW HW HW 
                 
Al2O3 (%) 
 
15.80 17.55 15.95 11.9 18.7 18 21.6 18.05 18.45 23.9 17.9 21.2 27.8 17.25 13.3 
CaO (%) 
 
8.52 8.51 0.53 9.15 9.04 7.61 9.44 4.74 7.93 3.27 9.35 0.65 0.42 1.26 11.9 
Na2O (%) 
 
3.15 3.18 0.71 1.73 2.99 4.54 1.29 1.3 5.79 0.79 3.42 1.12 0.3 1.38 2.73 
K2O (%) 
 
1.36 3.9 3.59 2.36 1.5 1.08 0.47 1.28 0.61 1.63 4.17 10.3 4.77 11.7 1.62 
P2O5 (%) 
 
0.499 0.47 0.26 0.93 0.27 0.26 0.01 0.01 0.32 0.05 0.5 0.65 0.29 1.32 0.56 
 
MOL WT. 
               
Al2O3 101.9612
8 
0.155 0.172 0.156 0.117 0.183 0.177 0.212 0.177 0.181 0.234 0.176 0.208 0.273 0.169 0.130 
CaO 56.0794 0.152 0.152 0.009 0.163 0.161 0.136 0.168 0.085 0.141 0.058 0.167 0.012 0.007 0.022 0.212 
Na2O 61.97894 0.051 0.051 0.011 0.028 0.048 0.073 0.021 0.021 0.093 0.013 0.055 0.018 0.005 0.022 0.044 
K2O 94.196 0.014 0.041 0.038 0.025 0.016 0.011 0.005 0.014 0.006 0.017 0.044 0.109 0.051 0.124 0.017 
P2O5 141.9445
2 
0.004 0.003 0.002 0.007 0.002 0.002 0.000 0.000 0.002 0.000 0.004 0.005 0.002 0.009 0.004 
                 
moles PO4 
 
0.007 0.007 0.004 0.013 0.004 0.004 0.000 0.000 0.005 0.001 0.007 0.009 0.004 0.019 0.008 
CaO from apatite 0.012 0.011 0.006 0.022 0.006 0.006 0.000 0.000 0.008 0.001 0.012 0.015 0.007 0.031 0.013 
CaO* 
 




























ME-GRA05 LOI % 4.37 7.25 4.28 4.55 6.97 4.58 9.29 9.28 9.16 1.75 3.08 8.5 1.14 8.07 
142 
 











SEM 14.09.18/A/Site 3 22.95 
 
9.72 
     




SEM 14.09.18/A/Site 8 31.06 
 
9.99 
     









   




SEM 14.09.18/A/Site 14 26.35 2.62 9.68 
 
0.28 
   




SEM 14.09.18/A/Site 14 30 
 
9.76 
      
0.31 12.04 98.21 45.5 0.904415 4.02321 
MA1 Spectrum 
142 
SEM 14.09.18/A/Site 15 30.58 
 
11.54 
     
1.79 6.31 0.19 98.44 48.04 0.86325 4.04131
4 
MA3 Spectrum 8 AB/ab/Site 3 26.86 
 
11.89 
     
0.2 7.58 0.12 90.57 43.92 0.984389 4.07213 
MA3 Spectrum 
10 
AB/ab/Site 4 23.89 
 
10.75 
     
1.41 6.31 0.09 82.02 39.56 1.00934 4.04198
8 


















































AB/ba/Site 2 20.79 
 
10.15 
     




AB/ba/Site 3 25.93 
 
12.48 














   









   
































AB/ba/Site 11 19.68 
 
9.05 
     




AB/ba/Site 17 25.6 
 
12.06 
      
6.44 
 




mc/Bd/Site 9 24.03 
 
11.92 
     
0.27 7.58 
 




mc/Bd/Site 10 24.36 
 
12.14 
     









   









   














86.43 41.65 0.971932 4.07044 
MA8 Spectrum 
263 
mc/Bd/Site 11 24.53 
 
12.17 
     
0.25 7.36 
 











   




mc/Bd/Site 11 24.74 
 
12.14 
     
0.18 7.62 
 




mc/Bd/Site 11 23.58 
 
10.65 
     




mc/Bd/Site 13 24.58 
 
12.01 
     
0.3 7.6 
 




mc/Bd/Site 13 24.72 
 
12.04 
     
0.21 7.8 
 




mc/Bd/Site 16 24.72 
 
12.06 
      
8.15 
 









   




mc/Lc/Site 23 28.49 0.16 12.13 
 
0.5 
   
3.55 5.37 0.38 97.44 46.86 0.906527 3.99950
4 
MA13 Spectrum 9 1/M/Site 5 29.73 
 
10.06 
      









   
9.17 2.79 
 




1/M/Site 6 18.58 
 
15.53 
     
8.48 2.52 
 
84.35 39.24 1.047714 4.03602 
MA13 Spectrum 
19 
1/M/Site 7 20.49 
 
9.84 
     









   
10.02 2.14 
 









   
10.78 1.79 
 




1/M/Site 7 29.48 
 
10.01 
      






1/M/Site 7 22.74 
 
11.62 
     




1/M/Site 8 24.63 
 
12.34 
     









   




1/M/Site 14 27.28 
 
9.85 
      









    









   
10.31 2.09 
 




1/M/Site 15 24.98 
 
13.06 
     




1/M/Site 15 25.72 
 
12.42 
     




1/M/Site 15 29.5 
 
10.56 
      




1/M/Site 16 24.58 
 
11.95 
     
0.24 6.37 0.18 84.32 40.99 0.89831 4.1166 
MA13 Spectrum 
127 
1/M/Site 18 31.51 
 
11.15 
     
0.85 8.08 
 
100.54 48.96 0.974287 4.01417 
MA13 Spectrum 
133 















    









   























   




AB/Ma/Site 2 30.55 
 
10.01 
     
0.04 0.46 12.99 100.54 46.53 0.971944 4.01352
4 
MA16 Spectrum 4 mc/mc/Site 6 28.22 
 
9.26 
     




mc/mc/Site 17 30.46 
 
9.96 
     







































Appendix E: SEM-EDS data for pyroxene minerals. 
 
Sample ID Spectrum 
Label 






14.51 15.54 4.45 
 
1.1 
   
19.47 
  
98.15 1.23 1.66 
MA3 Spectrum 
21 










98.85 2.11 2.18 
MA3 Spectrum 
25 





   
6.86 94.28 1.51 2.13 
MA3 Spectrum 
26 
AB/ab/Site 12 14.77 0.66 8.27 
 




87.85 2.02 2.04 
MA3 Spectrum 
31 
AB/ab/Site 13 0.41 1.11 0.38 
 
64.43 
      
88.21 3.25 0.08 
MA3 Spectrum 
32 










24.71 0.33 3.17 
 
12.74 0.88 11.71 
 




































24.93 0.4 3.51 
 
6.89 0.4 8.65 
 






























Appendix F: SEM-EDS data for epidote minerals. 
 
Sample ID Spectrum 
Label 




1/M/Site 18 17.8 13.02 7.16 
 





17.35 12.16 9.41 
  





17.24 12.23 9.49 
  





17.21 12 9.4 0.23 
 





17.86 13.37 8.24 
  





17.02 12.63 7.94 0.27 
 





17.41 11.8 10.43 
  






17.56 13.82 5.95 
  






17.6 13.65 7.28 
  








17.28 11.95 9.91 
  






16.93 11.7 9.93 
  
15.65 92.98 2.013765 2.236486 3.109439 38.78 92.99 
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